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SUMMARY 
Ferrite devices have traditionally been designed by "cut-and-try" experi-
mental methods supplemented by general guidelines provided by qualitative theo-
retical results. Numerous reasons exist for the lack of precise analytical de-
sign procedures. Ferrite devices are, in general, very complex structures 
and the analysis techniques required are corresponding complex. The analysis 
of ferrite loaded structures typically leads to lengthy transcendental equations 
involving functions of complex arguments. Such equations can be solved only by 
numerical techniques. In addition to the computational difficulties, a more 
fundamental difficulty has been the absence of an adequate mathematical model 
for magnetic losses in ferrites. Recently, the stringent demands imposed on 
the operating characteristics of ferrite components for phased array applications 
have strongly emphasized the need for analytical design procedures which can 
provide accurate quantitative predictions of both loss and phase characteristics 
of ferrite devices. 
The purpose of this investigation is to develop the necessary mathemati-
cal models for magnetic losses in ferrites and to use those models in the devel-
opment of techniques for analytical design of practical ferrite devices. Phase 
shifters are selected as the particular type of ferrite device to concentrate atten-
tion upon in so far as design is concerned, one reason being that the problems 
encountered in ferrite phase shifter design are typical of those encountered in 
most other ferrite device design. In addition, because of the current intensive 
interest in ferrite phase shifters for application as beam steering elements in 
phased array radar systems, analytical design procedures developed for phase 
shifters will find immediate useful application. 
A new type of phase shifter has been developed experimentally for the 
phased array applications. This device, which is commonly referred to as a 
X 
"digital" or "latching" ferrite phase shifter, consists of a transmission struc-
ture loaded by a "square hysteresis loop" ferrite physically arranged to form 
a closed magnetic path. The two remanent magnetization states then correspond 
to the stable operating states of the phase shifter. The device can be switched 
from one state to the other by a pulse of magnetic energy. No bias power is re-
quired to maintain operation at either of the stable operating states. Such phase 
shifters are particularly attractive, because they are markedly smaller in phy-
sical size and require considerably less switching power than more conventional 
ferrite devices. The important point to be made here, however, is that this de-
vice operates with the ferrite in a partially magnetized state. Other devices, 
such as circulators and Faraday rotators, also utilize partially magnetized fer-
rites. Still others, such as resonance isolators and some conventional phase 
shifters, operate with the ferrite magnetically saturated. It i s , thus, important 
to have accurate loss representations for saturated and partially magnetized fer-
rites. 
The loss representation desired in both cases is one which is simple in 
physical concept, quantitatively accurate, and whose mathematical formulation 
requires only measurable or calculable intrinsic parameters of the material. 
For magnetically saturated ferrites the traditional Landau-Lifshitz phenomeno-
logical loss representation certainly satisfies the first and third of the desired 
conditions. However, general opinion in the past has been that this representa-
tion is not quantitatively accurate in the region far from resonance, particular-
ly for polycrystalline materials. 
By a combination of analytical and experimental results, it is shown in 
this thesis that the Landau-Lifshitz loss representation does in fact yield good 
quantitative loss prediction for saturated polycrystalline ferrites even in the 
region far from resonance,, The validity of this loss representation is investi-
gated by solving the exact boundary value problem for a dielectric-loaded analog 
phase shifter, whose phase shift element is a single magnetically saturated fer-
rite slab. The theoretical operating characteristics obtained in this manner are 
XI 
examined as a function of applied bias field and for a variety of material and 
dimensional parameter combinations. 
The representation of losses in partially magnetized ferrites is compli-
cated by the existence of a multiplicity of magnetic domains of various shapes 
and orientations. The only technique available in the literature for representing 
magnetic losses in such materials is the "bulk" loss representation normally 
associated with totally unmagnetized samples. This type of loss representation 
is undesirable for partially magnetized materials for several reasons, the 
principal two being its failure to provide an explicit relationship between over-
all losses and fundamental material parameters such as saturation magnetiza-
tion and resonance linewidth, and its failure to provide accurate quantitative 
prediction of magnetic losses observed in ferrite devices. 
Because of the inherent disadvantages of the "bulk" representation of 
magnetic losses, an alternate way of representing losses in partially magnetiz-
ed ferrites is developed in this thesis. The new representation meets the three 
desired conditions mentioned above. It is based on an extension of the Landau-
Lifshitz tensor representation of losses in saturated samples (or single domains) 
to multi-domain (partially magnetized) samples. Analytical expressions for the 
components of the new "lossy" small signal permeability tensor for partially 
magnetized ferrites are derived using a spatial averaging technique on the per-
meability tensors for combinations of "single" domains whose effective fields 
and saturation magnetizations are oriented at different angles. In its complete 
form, the new "average" tensor is considerably more complex than the Landau-
Lifshitz tensor, but it reduces to the latter if the material is assumed to be 
saturated. The real (phase shift) parts of the average permeability components 
are found to be proportional to the net magnetization of the sample. The imagi-
nary (loss) parts of the components are related to resonance linewidth and to an 
effective magnetization. The effective magnetization in the loss term is always 
greater than the net magnetization but less than the saturation magnetization for 
the material. The validity of the derived "average" permeability tensor for the 
xii 
prediction of losses in partially magnetized ferrites is demonstrated by a com-
parison of the theoretically predicted characteristics of several devices with 
experimental results. The devices examined are remanence ("latching") phase 
shifters, whose phase shift elements are ferrite toroids. The theoretical 
characteristics are obtained by solving the exact boundary value problem for 
each structure. 
One of the more interesting results of the theoretical analysis of latch-
ing phase shifters is a prediction of an unexpected strong dependence of loss in 
the partially magnetized ferrite on resonance linewidth. Experimental results 
are presented which verify this surprising prediction, convincingly demonstrat-
ing the validity of the "average" tensor representation of losses in partially mag-
netized materials. A brief discussion of various damping mechanisms contri-
buting to the broadening of the resonance line is given, along with a discussion 
of a possible change in interpretation of the linewidth parameter required in the 
mathematical representation of losses for some materials of types not examined 
in detail in this thesis. 
A number of alternate procedures for the exact analysis of ferrite load-
ed structures are examined. The exact propagation constant equation for at 
least one phase shifter configuration is established by each method. The exact 
propagation constant equations are solved numerically. A "small loss" compu-
tational technique, which has been used extensively in the past to predict losses 
in dielectrics and more recently in ferrites, is shown to be unsatisfactory for 
the quantitative prediction of magnetic or dielectric losses. 
As a prelude to the derivation of the "average" permeability tensor, 
various equations of motion for the magnetization in magnetically saturated 
ferrites are examined. All of the equations, with phenomenologiQal damping 
terms included, are shown to be obtainable from a single equation. The various 
forms of the one general phenomenological equation simply highlight specific 
aspects of the problem. 
xiii 
The practicability of precise analytical design of latching and applied 
field ferrite devices, including the prediction of insertion loss, is demonstrated. 
Quantitative relationships are provided relating device transfer characteristics 
to the intrinsic material and dimensional parameters for a number of phase 
shifter configurations. These relationships, when programmed for digital 
computer solution, allow a very wide variety of parameter combinations to be 
examined in a short time (typically more than one hundred configurations per 
minute). Extensive design data for waveguide latching and analog phase shifters 




Intensive experimental and theoretical effort has been devoted in recent 
years to the exploitation of the unique properties of ferrites . These efforts 
have been rewarded by the development of a host of new devices, many of which 
display transmission properties previously unattainable in passive devices. 
It was the demonstration of the gyromagnetic nature of ferrites at micro-
wave frequencies by Polder (1), Beljers (2), and Roberts (3) that first made it 
apparent that nonreciprocal passive devices could be constructed. Among the 
earliest to demonstrate the practical importance of ferrites was Hogan (4), who 
utilized the microwave Faraday rotation phenomena to build a 180° nonrecipro-
cal phase shifter. It soon became apparent that not only do ferrites exhibit 
Faraday rotation but ferrite devices can also manifest nonreciprocal properties 
in a variety of other ways such as nonreciprocaj. attenuation, nonreciprocal bi-
refringence, nonreciprocal coupling through apertures, nonreciprocal field dis-
placement, and nonreciprocal phase shift (5). Ferrite devices may also exhibit 
reciprocal phase shift, attenuation, coupling through apertures and other useful 
reciprocal properties. An important feature of both the reciprocal and the non-
reciprocal properties is that they can be varied in a controlled fashion by chang-
ing an applied magnetic bias field. 
Some interesting ferrite devices which have found wide application in the 
microwave industry are load isolators, circulators, phase shifters, polarization 
rotators, tunable filters, switches and power limiters. Lax and Button (6) give 
an excellent review of most of the important properties of ferrites as well as 
descriptions and typical operating characteristics of many of the devices 
mentioned above. . . 
* 
The word "ferrite" is used here to represent any ferrimagnetic material. 
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Both the nonreciprocal and the reciprocal phase shift characteristics of 
ferrite-loaded transmission structures have been used in practical devices. As 
an example, nonreciprocal phase shift sections are crucial parts of ferrite du-
plexers (7) and of some types of ferrite switches (8). In addition, reciprocal 
and nonreciprocal phase shifters have been constructed to perform all of the 
usual functions of variable phase shifters in communication and measurement 
systems. 
The development of ferrite phase shifters as practical devices began 
with the initial observations of nonreciprocal phase shift in rectangular wave-
guide made by Kales, Chait, and Sakiotis (9). Rowen (10) published a set of 
measurements of phase shift and differential phase shift as a function of the 
position of a transversely-magnetized ferrite slab in a rectangular waveguide. 
Lax, Button, and Roth (11) obtained a quantitative solution for ferrite phase 
shifters consisting of either one or two transversely-magnetized ferrite slabs 
in an otherwise empty rectangular waveguide as shown in Figure 1. Their solu-
tion, which neglected all losses, was worked out numerically for variable ap-
plied magnetic field, ferrite-slab thickness and slab location. The nonrecipro-
cal distrotion of the rf field patterns was plotted for the fundamental TE mode. 
Crowe (12) carried out a theoretical investigation of the propagation constant 
for the TE modes of a simple structure shown in Figure 2, which is composed 
of a single transversely-magnetized ferrite slab against the side wall of a rec-
tangular waveguide. Crowe's analysis, which was principally concerned with 
mode behavior in the vicinity of magnetic resonance, included the effects of 
magnetic losses but neglected dielectric and waveguide losses. 
Rectangular waveguide phase shifters utilizing transversely-magnetized 
ferrite slabs proved to require large dc bias fields (typically 1000 oersteds for 
45 of differential phase shift per inch) and hence required considerable power 
for switching and holding. Placing a large diameter ferrite rod at the center 
of a rectangular waveguide and applying a dc magnetizing field along the direc-




LOSSLESS FERRITE SLABS 
Figure 1. Twin-Slab Nonreciprocal Phase Shifter Analyzed by 
Lax, Button, and Roth 
FERRITE SLAB WITH MAGNETIC LOSSES 
Figure 2. Single-Slab Waveguide Structure Analyzed by Crowe 
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Figure 3, which required a very low bias field (typically 50 oersteds for 45 of 
reciprocal phase shift per inch) and a correspondingly small switching and hold-
ing power (13) (14) (15) (16) (17). Unfortunately, this device is very frequency 
sensitive. Button and Lax (18) analyzed a model of this type of phase shifter by 
first-order perturbational theory. 
A most significant advance in phase shifters for rapid switching applica-
tions was the experimental development of ferrite "latching" devices (19) (20) 
(21) (22) (23) (24) (25) (26). The ferrite latching phase shifter, one form of 
which is shown in Figure 4a, consists of a transmission structure loaded by a 
"square hysteresis loop" ferrite physically arranged to form a closed magnetic 
path. The two remanent magnetization states shown in Figure 4b correspond 
to the stable operating states of the phase shifter. Switching power is thus r e -
quired only in transferring fromi one state to the other. Such devices are par-
ticularly attractive because they are markedly smaller in physical size and r e -
quire considerably less switching power than more conventional ferrite devices 
which use externally applied dc bias fields supplied by electromagnets. Latch-
ing phase shifters have been constructed in waveguide, helical, coaxial, and 
stripline structures. Very little analytical work has been done on any of these 
configurations. Exceptions are the work by Schloemann (27) and by Ince and 
Stern (28) (29). Schloemann solved the parallel-plane model of a latching phase 
shifter shown in Figure 5. He examined the relation of differential phase shift 
to various parameters of the device. Magnetic losses were computed but only 
for the case of zero spacing between ferrite slabs. Ince and Stern have analyz-
ed a waveguide nonreciprocal latching phase shifter of the form shown in Figure 
6 with the effects of losses included as a perturbation of the lossless solution. 
Differential phase shift and losses were computed for various combinations of 
the device parameters. Both Schloemann and Ince and Stern treated magnetic 
losses as "bulk" losses which they computed from a magnetic loss tangent. 





Figure 3. Two Reciprocal Phase Shifter Configurations 
FERRITE 
TOROIO \ DIELECTRIC LOAD 
DIRECTION OF 
MAGNETIZATION 
Figure 4a. A Waveguide Nonreciprocal Latching Phase Shifter 
remanence 
c o e r c i v e 
remanence 
Figure 4b. Hysteresis Loop of a High Remanence 
(i.e. , "Square-Loop") Ferrite 
DIRECTION OF MAGETIZATION 
PARALLEL PLANE 
WAVEGUIDE ( T E Q J ) 
FERRITE SLABS 
Figure 5. Phase Shifter Configuration Analyzed by Schloemann 
DIELECTRIC SLAB 
FERRITE SLABS 
Figure 6. Phase Shifter Configuration Analyzed by Ince and Stern 
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device and the intrinsic parameters of the ferrite and furthermore does not 
yield accurate loss predictions. Neither Schloemann nor Ince and'Stern con-
sidered operation in the external bias field mode (i. e. , H ^ 0). 
QC 
The analytical work reviewed above, much of which is in the form of 
perturbation solutions, has provided a qualitative understanding of the behavior 
of ferrite devices and has been extremely useful in establishing design guide-
lines. Currently, there is widespread interest in ferrite phase shifters for use 
as beam steering elements in phased array radar systems. The state of the art 
in phased array systems is such that the demands placed on the performance 
characteristics of the phase shifters are so severe that the existing qualitative 
analysis is unable to provide satisfactory desigpti information. A particularly 
serious deficiency in the available theoretical results is the absence of exact 
quantitative solutions which include the effects of losses. In an effort to help 
remedy that situation, this thesis presents an exact analysis of some important 
ferrite phase shifter configurations of both the latching and applied-field types 
with the effects of magnetic, dielectric, and waveguide losses included. Spe-
cial attention is given to the problem of providing an accurate quantitative 
accounting of magnetic losses in unsaturated ferrite media and to relating the 
total magnetic loss in a phase shifter to the measurable intrinsic parameters 
of the material, such as its saturation magnetization and linewidth. The prin-
cipal goal of the study was to establish material models and analysis procedures 
which could be used for quantitative prediction of loss and phase data for ferrite 
devices, and in particular for ferrite phase shifters, utilizing either saturated 
or unsaturated polycrystalline materials. In line with the general goal, a 
number of conclusions, which are important not only to ferrite phase shifter 
analysis but also to the analysis of ferrite devices per se, are inferred from 
the results of the study of loss representations in saturated and unsaturated 
ferrites. The validity of the theoretical predictions is checked by comparison 
with experimental results,, 
9 
CHAPTER H 
PRACTICAL FERRITE PHASE SHIFTERS AND THEIR MODELS 
Introduction 
Since the early 1950's, workers in microwave ferrimagnetics have, as 
illustrated in Chapter I, devoted considerable attention to the development of 
various types of ferrite phase shifters. A continuing goal of phase shifter r e -
search and development from that time until now has been to create ferrite 
phase shifters suitable for use as beam steering elements in phased array radar 
systems. Some of the desired electrical properties of phase shifters for this 
application are (a) controlled phase variation at high switching speeds, (b) 
phase shift independent of frequency over a wide range of frequencies, (c) 
high rf power capability, (d) low insertion loss, and (e) low switching and 
holding power. Simultaneous achievement of these characteristics has proven 
to be most difficult, but, recently, promising experimental results have been 
obtained. 
Of the phase shifters thus far conceived, the ferrite latching type ap-
pears to hold the most promise of eventually meeting the stringent requirements 
of phased array applications. Considerable activity and interest is presently 
concentrated on improving the fundamental understanding of the operating charac-
teristics, design techniques, and basic limitations of this device. For this 
reason, the major emphasis throughout this thesis is on latching phase shifters. 
However, a number of specific phase shifters of the applied field type are also 
analyzed and discussed. In addition, the general features of the procedures 
used are shown to be applicable in the analysis of other ferrite devices. 
10 
General Properties of the Models 
Configurations 
All of the phase shifters studied in this work can be represented by 
models whose configurations consist of a number of full-height vertical slabs 
of dielectric interleaved with full-height vertical slabs of transversely mag-
netized ferrite in a section of rectangular waveguide. As an example, Figure 7 
illustrates a model configuration with one ferrite and three dielectric slabs. 
The normal operating transmission mode of the practical devices studied is the 
lowest order transverse electric mode the device structure will support. This 
fact is utilized as a simplifying assumption in the analysis of the models. For 
the purposes of analysis, it is also assumed that the model structures are in-





Figure 7. A Model Configuration With One Ferrite And 
Three Dielectric Slabs 
11 
Materials 
Dielectrics. The macroscopic electromagnetic properties, including 
the effects of losses, of the dielectric regions in the phase shifter models are 
accounted for in the usual manner by a complex permittivity e , = e '('€*, -\K\T) 
and by a permeability fj, = jj where e and n are the permittivity and per-
meability of free space. 
Ferri tes. The dielectric properties of the ferrite are accounted for by 
the complex permittivity £ = € (e1 -j€~'). The gross features of the magnetic 
properties of ferrites are very similar to those of iron and other ferromagnetic 
* 
metals. However, good microwave ferrites are distinguished from the mag-
netic metals by one outstanding characteristic. This characteristic, which is 
largely responsible for the unique microwave behavior of ferrites, is their 
6 8 
extremely high resistivity (typically 10 to 10 ohm-cm for ferrites compared 
-5 
to 10 ohm-cm for iron). An rf wave incident on an iron sample "sees" an 
effective reflector, whereas the same wave incident on a ferrite sample can 
enter and travel through substantial amounts of the material without excessive 
reflection or attenuation. As it passes through the ferrite, the wave has an 
opportunity for strong interaction with the spinning electrons responsible for 
the magnetic properties of the material. Due to this interaction, under appro-
priate circumstances, Faraday rotation and other nonreciprocal properties may 
be manifested. 
The vital property of ferrites which is responsible for their great utility 
in microwave applications is their unique permeability. The ferrites micro-
wave permeability is due to the effects of certain electrons, which may be 
thought of as behaving en mass gyroscopic ally according to the classical pic-
ture of Figure 8. It is found that the effective charge, mass and spin of these 
electrons are associated with an angular momentum and a magnetic moment in 
the directions shown, which it may be noted are the same as those to be expect-
ed for a spinning positive mass and negative charge. Applying a dc magnetic 
- _ _ . - _ 
The remainder of this paragraph and all of the next two paragraphs follow the 
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Figure 8. Schematic Representation of an Electron 
[From Fox, Miller, and Weiss p. 7.] 
field H , will result in the axis of the electron spins becoming aligned with the 
dc field. If the spin axis is momentarily deflected from parallelism with the 
dc field, it will not immediately return to its initial orientation but will precess 
as a gyroscope about the dc field at its "natural" frequency which is proportion-
al to the magnitude of H . This frequency is called the gyromagnetic reso-
nance frequency, and the behavior of ferrites in microwave devices is profound-
ly dependent on the relative magnitudes of the frequency of the applied rf wave 
and the gyromagnetic frequency. The precession which results when an rf 
magnetic field is applied perpendicular to H , causes the tip of the magnetic 
dc 
moment vector to describe an elliptical path as indicated by the dashed line in 
Figure 8. The direction of rotation around the ellipse will always be clockwise 
when viewed along H , . As a result of the precession of magnetic moment, it 
is seen that a component of magnetic flux is produced which is perpendicular 
to both H, and h „. 
dc rf 
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The description given above is obviously a much simplified explanation 
of ferrite behavior. Actually, most of the electrons in the ferrite may be group-
ed into pairs with the spins of the electrons of any pair pointing in opposite di-
rections. These electrons do not contribute to any first order magnetic effects. 
By virture of certain forces between them, known as "exchange forces, " some 
electrons line up with their spins mutually parallel and are easily oriented en 
mass by the application of a relatively small magnetic field. This is what makes 
the material appear "magnetic." Ever present thermal energy tends at the 
same time to create disorder in the alignment of the electron spins with the r e -
sult that at any temperature greater than absolute zero the spins never all line 
up perfectly with the applied field. Nevertheless, it is a good assumption that, 
out of the total number of unpaired electron spins, a fraction do line up with the 
applied field and behave in accordance with the simple classical picture given 
above. From this simple model a very useful mathematical description of the 
dynamic behavior of the macroscopic magnetization can be formulated. 
Tensor Permeability In Saturated Ferri tes. If a sufficiently large 
dc magnetic field is applied to a ferrite sample, all the microscopic magnetic 
moments of the material will be aligned and the sample is said to be magnetical-
ly saturated. Based on the classical model discussed above, each microscopic 
magnetic moment is associated with a spinning positive mass having a negative 
charge. Adjacent microscopic spin moments are assumed to be so tightly bound 
(due to the exchange forces) that they maintain a common orientation as they p re -
cess. From classical dynamics, the equation of undamped motion for a spinning 
mass with angular momentum J*when subjected to a net torque T* is 
di = f (1) 
dt 
In the present problem T is the torque exerted on the microscopic dipole mo-
ment by the net magnetic field. Alternatively, if M represents the net magnetic 
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moment per unit volume, the torque T* is the torque exerted on the macroscopic 
magnetization per unit volume M, i . e . , T = M x H. The angular momentum per 
unit volume is directly proportional to M (30). The constant of proportionality 
is called the gyromagnetic ratio y. Thus, 7 = M / y , and 
351 = y(MxH) (2> 
dt 
Equations can also be derived quantum mechanically from a spin-Ham-
iltonian that includes terms for the Zeeman, dipole-dipole and exchange inter-
actions, as well as one for the crystalline anisotropy energy. The equations 
of motion are then obtained by the usual procedure of calculating the commuta-
tor of the spin-Hamiltonian and the spin angular momentum (31) (32) (33) (34). 
The solutions of Equation 2 of major interest for the present study are 
the small signal solutions, i .e . , the response of the magnetization to a small 
rf signal field superimposed on a large dc bias field. In this situation, the r e -
lationship between the rf magnetization m and the rf magnetic intensity h can be 
obtained by letting 
M = M +m*ej(Jt H = H > h e j ( j t 
s i. 
where M = saturation magnetization, !T = internal static magnetic field 
me = rf magnetization he = rf magnetic field 
substituting into the equation of motion, equating terms of first order in u and 
then solving for m in terms of "H. Performing these operations, it is discovered 
that the relationship between m and h is in the form of a tensor, i. e . , m = An 
where X is the small signal tensor susceptibility. Since b = U (h* + m), t> is r e -
lated toll by TD = u (1 +X)h = /in" where/? is the tensor permeability. The loss-
less tensor permeability, obtained in the indicated manner from Equation 2 is 
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where /i = l + 
U) = microwave radian frequency 
u =7H. , o> = 7 M , H . = internal static magnetic field, o i m s i & ' 
M = saturation magnetization, y - gyromagnetic ratio. 
s 
Obviously /u and K have singularities when <j - u> = yH.. This is defined as 
the resonance condition. 
In reality there must, of course, be a damping term in the equation of 
motion of M to account for losses. The details of the mechanisms contributing 
to this damping are just beginning to be understood and, as yet, there has been 
no derivation from first principles of an equation of motion which includes a 
damping term. As an alternative, the damping; is usually represented pheno-
menologically. That is , a term having the proper dimensions and which appro-
priately represents the observed experimental results is added. Historically, 
there have been several suggested forms for the damping term but only the 
Landau-Lifshitz (35), the Bloch-Bloembergen (36) (37), and the Gilbert (38) 
forms have been widely used. There seems to be (or to have been) a tendency 
to interpret the equations of motion based on these three damping forms as be-
ing fundamentally different (39) (40). However, as the "derivation" below will 
show, it seems more reasonable and considerably less confusing to adopt the 
point of view that the phenomenological equations of motion are simply expan-
sions of the vector time rate of change of M in terms of an arbitrary set of vec-
tors. In general the expansion must contain at least three linearly independent vec-
tors because the motion described takes place in three dimensional space. One of 
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the independent vectors will logically be the (M x H) term of the lossless equa-
tion of motion. The coefficients in the expansion are adjusted empirically to 
insure that each term has the proper dimensions and that the net result adequate-
ly accounts for the observed experimental results. For example, a general ex-
pansion of-r— in terms of the three linearly independent vectors M, (M x H), 
and (M x (M x H)) can be written as 
— = AM + B(M x H) + C M x (M x H) (4) 
where A, B and C are undetermined coefficients. All three of the specific equa-
tions mentioned above are contained in this one equation. Landau and Lifshitz 
set A = 0 (justifiable on the assumption of a strong exchange field between adja-
cent spin moments), B = a positive constant = >', C = a negative constant. Thus, 
the Landau-Lifshitz (LL) equation of motion is 
^jT = y{U x H) - | c I M x (M x H) 
dt ' x - o i ( 5 ) 
Taking the dot product of M with —- yields 
dt 
M » ^ M = l / 2 ™ - = 7 M i ( M x H ) - | c | M • [M X (M X H ) ] = 0 
Therefore | M | is a constant of the motion. The constant C may then be expres-
sed as C = - where A is a positive damping factor having the units of fre-
quency. The LL equation in its more familiar form is then 
= y ( M x H ) - [ M X ( M X H ) | (6) dM 
dt ' v"~ " " ' 1-12 
M 
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The Gilbert equation can be obtained from the LL equation by letting k = cty |M|, 
taking the cross product of M with Equation 6 and solving for M x (M x H) in 
terms of M x — and (M x H), and finally substituting the relation obtained for 
M x (M x I?) into Equation 6 to obtain 
<^ v xi ^
 aQ ^f dM 
dT = 7 G ( M x H ) - ]r M x i~ (7) 
2 
where y = y(l+C£ ), y= gyromagnetic ratio 
(Jr 
ct = a dimensionless constant related to k by a. = —i^u 
The Bloch-Bloembergen (BB) equation can be obtained by using the vector iden-
tity X' x:(B x C) = B(A» 15) - (?(A» B) to write Equation 6 in the form 
ff- = y ( M x H ) - ^<H'M) M + x g 
d t M 2 
The Bloch-Bloembergen equation, as it was initially reported, omitted the third 
term of Equation 8 and was written in the form (36) 
dM V/T^ «v A(H»M) ^ 
= V(M x H) - J r^— M (9) dt 
M 
Because Bloembergen was interested in investigating the individual relaxation 
processes, as opposed to simply accounting for the overall magnetic losses, he 
chose to write the damping term using two damping parameters which were to 
be related to two types of processes by which energy could be transferred out of 
the uniform mode of precession. The BB equation is , thus, often written as 
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# ) = y(MxH) --£*-
, d t / x _ y 'x,y T 2 
(10) 
< ' Z 
M - M 
z o 
T and T are identified as the relaxation times for the longitudinal and t rans-
J. Li 
verse magnetization components, respectfully. M is the magnitude of the mag-
o 
netization in the presence of the field H'. M is not a constant of the motion in 
this representation. As noted by various authors (41) (42) (43), the equation of 
motion as written in Equation 10 leads to negative losses under some circum-
stances. In a later paper (37), this difficulty was corrected by Bloembergen 
by "adding on" the third term of Equation 8 which he had previously neglected. 
The modified BB equation was written in terms of one time constant as 
_ = y ( M x H) - — + M H H | T (11) 




= ay H T 
From the preceeding discussion, it is apparent that the three forms of 
the equation of motion with losses examined are but different forms of a single 
phenomenological equation. The various forms simply highlight specific a s -
pects of the general problem. The original LL form is mathematically conve-
nient to use and adequately accounts for the overall magnetic losses. For this 
reason, a majority of the theoretical papers have used the LL damping form. 
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The Gilbert form, which can be written as 
dM v I - / -
 q G dM U 
— = y Q | M x ( H - y ^ ^-)\ (12) 
G 
permits the interesting heuristic interpretation that the dissipation introduces 
an effective magnetic field opposite in direction and proportional in magnitude 
to —-— (44). The Bloch-Bloembergen form with two time constants can be use-
ful in examining individual loss mechanisms. Yet all three are but special 
cases of Equation 4. 
An unusual form of the equation of motion including losses which, a l-
though still phenomenological in nature, represents a step towards the desired 
derivation from first principles, was developed by Callen (45). In place of the 
LL parameter A or the two relaxation times T and T , Callen's equation con-
i. A 
tains three parameters which are defined in terms of definite quantum-mechan-
ical transition probabilities, i. e . , of creation and destruction of magnons. He 
justifies the form of his equation on the basis of various physical models related 
to the spin wave concept. 
For the purposes of device analysis, where the desired end result is to 
accurately predict overall magnetic losses, separating the losses into pieces 
which can be attributed to different intrinsic mechanisms is unnecessary and a 
single damping parameter in the equation of motion is sufficient. It appears to 
be commonly accepted opinion (46) (47) that both the LL and BB damping forms 
adequately account for the overall magnetic loss in polycrystalline materials 
near resonance, but that neither form would yield good quantitative predictions 
in the region far from resonance where phase shifters normally operate. The 
latter contention, however, has not been borne out by the current study. In 
fact, as will be shown in Chapter IV, the LL damping form permits extremely 
accurate predictions of magnetic loss in phase shifters. The form of the 
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equation of motion which is used throughout this work is the modified LL equa-
tion given in Equation 7. Computing *ju in the small signal approximation using 
Equation 7 leads to 
/f = V 
where H - 1 + 
iu + }/Ju 
o ' m 
2 2 
{uQ + )/T) -u' 
V -}K 0 
}K V 0 
_ 0 0 1 
LJ u 
m K -






t TT t TT 
Or separating /i and K into real and imaginary parts, u = \x -j /i , K = K -j K 
H = 1 + 
r 2 2 
CJ T W r (u> T ) - (CJT) + l m o I o 
(15) 
V = " m
T [ K T ) 2 + ((JT)2 + *] 
K = 
U T W T 
m 
(UQT) - (UT) - 1 
K 
d 
2 ( J T ( J T O T 
o m 
r 2 2 12 - J 
= [(<Jor) - (CJT) - l j + (2 (J Q T) 
where u = microwave radian frequency 
u = y_H., (j = y M 
o G i m G s 
H. = internal static magnetic field 
M = saturation magnetization 
y - gyromagnetic ratio 
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VG = y ( i + a
2 ) , « = ^ 
T = an "effective" damping time constant 
The real and imaginary parts of u and K are shown in Figure 9 as functions of 
the static internal field H. with r as a parameter. The absorption linewidth 
1 M ff 
AH is customarily defined as the width of the absorption (/i or K ) curve at 
half-maximum absorption,, The linewidth is easily shown to be related to r by 
AH = Yjr (48). 
if rr 
An interesting observation about the relative magnitudes of /i and K 
can be made by imposing the physical requirement of nonnegative energy dissi-
pation on the ferrite. Under this condition, it can be shown (49) that the compo-
nents of the permeability tensor must satisfy the following constraints: 
PL > 0 
Li > \K\ 
Examining Equation 14 it is apparent that the LL form of the permeability com-
ponents satisfies these constraints. It is worthwhile noting at this point that the 
BB equations given as Equation 10 lead to permeability components that do not 
satisfy the nonnegative energy absorption constraints. Hence, extreme caution 
must be exercised in interpreting results obtained using these equations. 
If the ferrite sample is not magnetically saturated, a more general form 
of the permeability tensor than that of Equation 14 must be used. A useful form 
of this tensor is derived in the next section. 
Tensor Permeability In Unsaturated Ferri tes . A saturated ferrite 
sample is composed of a single magnetic domain, i . e . , all the microscopic mo-
ments in the material are aligned. If the dc magnetic bias field is reduced to a 
sufficiently small value, the microscopic magnetic moments in the material will 
no longer all be aligned. Instead, the sample will be composed of a number of 
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Figure 9. Real and Imaginary Parts of n and K , From 
Lax and Button, Figure 4-3, p. 155 
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magnetic domains, within each of which the moments are all aligned but with 
the moments in the various domains oriented in different directions. Under 
these conditions, the material is said to be magnetically unsaturated. For an 
unsaturated material, a spatial averaging process must be carried out to ob-
tain the net magnetization in the x, y, or z direction, and the domain structure 
exerts an appreciable influence on the macroscopic properties of the material. 
This means that the components of the permeability tensor are in general de-
pendent upon the distribution of the directions of the microscopic magnetic 
moments with respect to the applied bias field. In an attempt to establish and 
justify a general form for the permeability tensor, which would be applicable 
in unsaturated media, Rado (50) (51) made a detailed qualitative examination of 
an arbitrarily magnetized polycrystalline ferrite media. In such media he 
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(16) 
where <b>and <h>are the spatial averages of the time-varying components of 
the magnetic induction and the magnetic field intensity. The <MiJ> are effective 
permeability components averaged over several domains and, as such, are 
directly measurable quantities. Under the assumptions of Rado's theory, the 
relation between the macroscopic "point" field quantities b and h (not average) 
is given by a spin wave equation at points within the domain walls and by a ten-
sor inside the domains, but the experimentally important relation between the 
average quantities <b>and <h>is given by a tensor everywhere. Relating < / i -> 
to the measurable intrinsic magnetic properties of the ferrite is , in general, 
exceedingly difficult. 
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An interesting case in which the components of the effective tensor per -
meability can be related to the intrinsic properties of the ferrite was examined 
by Rado (50). Based on qualitative arguments, he established the following 
lossless form of the permeability tensor for an unsaturated medium with a bias 
field in the +z direction. 





J u 1 
0 0 
= v, 
\v -J* ° 
}K H 0 
L0 0 1 
(17) 
Where w = >*M, u = microwave radian frequency, 
m 
M = actual net static magnetization, y = gyromagnetic ratio. 
Since K is directly proportional to the net magnetization of the material, it is 
given, as a function of the applied bias field, by curves of the same shape as 
the magnetization and hysteresis curves for the material. This form of the 
permeability tensor proved very useful in the analysis of Faraday rotation de -
vices. 
For the current problem, it has been necessary to include the effects of 
losses. The following procedure was utilized to obtain a tensor permeability 
for unsaturated media including losses. 
As suggested by Rado (51), the relation <//. > between the effective rf 
J '* 
fields <b> and <h> can sometimes be obtained by performing spatial averages 
on the relation /i. between the v,point" rf fields t? and h of an appropriate satu-
rated media problem. With this in mind, a ferrite sample consisting of a single 
domain magnetized by an applied magnetic field was considered. The saturation 
magnetization M of the domain and the net effective magnetic field H. were 
assumed to be oriented in different directions as shown in Figure 10. The 
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Figure 10. Relative Directions of the Saturation Magnetization 
M and of the Net Effective Static Magnetic Field . 
Acting on a Single Domain 
equation of motion for the macroscopic magnetization, including losses via the 
Landau-Lifshitz damping term, is 
dM v .r-j •=*. a --• d M 
— = y e (MxH) - " 1 ~ M x i r 
(18) 
where M = M + m e j w t H = H + TieJ£Jt 
s i 
M = |M I \TsinOcos$ + ~fsmOsin<f> + I?cosO\:= saturation magnetization 
h* = ih + jh + i?h = rf magnetic field x J y z ^ 
m = 1m + im + 1cm = rf magnetization 
x J y z & 
2 1 
YQ = y ( l +& ), 0! = u<7i , T- damping time-constant 
H = 7 H + ~fH + 7?H = net effective field acting on a single domain 
i x y z 
= H . jTsin B cos A +Tsin B sin A + TTcos B ) 
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Expanding Equation 18, equating coefficients of e ^ , after considerable algebra 
the following small signal tensor permeability is obtained. The details of the 
analysis are given in Appendix A. 
V 11 V 12 
M 
V = 1 + 
11 
M 
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y P I I 2 
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where A = \-CJ -(uot) + (V IH.I) + j 2a>ay H s in0cos <f> 
+2cjayR sin 0 sin (f> + 2 cjay H cos 0\ e y e z J 
H. = If?.! sin Bcos A 
H = lif.l sin B sin A 
H = H. cos B 
z I ll 
If 0 and B are both zero, corresponding to a saturated media with saturation 
magnetization and bias field oriented in the same direction, the permeability 
given in Equation 20 reduces to that given in Equation 14. 
As previously noted, an unsaturated material is composed of many do-
mains with the magnetizations of the individual domains oriented at different 
angles (0-B, 0-A) relative to the effective internal magnetic field H.. The r e -
sult of Equation 20 can be extended so that it applies in unsaturated media if 
spatial averages which extend over several domains can be performed. Since 
the distributions of the magnetizations of the domains as functions of <f> and 0 
and of the H.'s as functions of B and A are not always known, the averaging can-
not, in general, be carried out explicitly. However, observing that, in most 
cases of practical interest, there exists a physically preferred direction for 
the magnetization and the effective static magnetic field often permits the 
averaging with respect to angles in the plane perpendicular to the preferred 
direction to be performed explicitly. The physically preferred direction of mag-
netization may arise in various ways. For instance, if we apply even a very 
small dc bias field to the sample, a preferred direction of magnetization is e s -
tablished in the direction of the applied field. Alternatively, if we arrange the 
ferrite so that it forms a closed magnetic path, such as the toroids in the latch-
ing phase shifters, the geometry of the sample establishes preferred magnetiza-
tion directions. Assume, then, that the preferred magnetization direction is the 
+z direction and that this also the preferred direction for the H.'s. For this 
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situation, all values of $> and of A between 0 and ITT a r e equally likely. If it i s 
assumed that | M I andlfl. have the same value for all of the "severa l domains" 
I s | I i | 
over which the spatial averaging is to be performed and that the angles between 
the H fs and the z -ax is a r e smal l , the tensor permeabil i ty of Equation 19 after 
i 
averaging with respect to a and A becomes (see Appendix A for details) 
0 ,A o 
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It i s now convenient to r eve r t to the ea r l i e r notation and wri te 
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Separating < / i > i . , < 0 J . , and < / i > into rea l and imaginary p a r t s 
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yields after some simplifying algebra 
</o 0,A 
tt 
</* > 0,A 
< * > 0,A 
= 1 +. 
M I y IS I cos# y IS I 2 - w2 -[wafcos20 
s | e | i| IL el i| J l J  
y M l t j a 
el s 
2 ^ cos $ 
A 
3 i —H. i 2 1 2 1 2 
r ( y e H i ) + ~ w + ~ ( " a ) 
(23) 
( y e | S . | )
2 - ( j 2 - ( ^ a ) 2 
y M \ucos0 el s | ( y 1S.I)
2 a!2sin2^ + 
e i | (ym\)
2-J-(ua)2 





. 2 ^ ,, IT? | 0 sin 0 woey HI \2(j --TT~~ el i l l w f<'e|«il>2 
3 2 
+ u -




= 1 + 
y M 
e s 
(CJCX ) 2 ( y ( S i ) (2 s in 2 0 cos 0) 
y M 
el s| 
cj a sin 0 
2 2 i ^ I 2 
u +(ua) - ( ye[HJ) 
= [_( y eK| 2 ' a>2 " {ua)2\ + L2 ^ i h 0 1 0 0 8 °\ 
If the angle between H. and the z -ax i s i s l a rge , the express ions for the 
components of the permeabil i ty tensor a r e somewhat more complicated, a s can 
be seen in Appendix A. In this more general situation the permeabil i ty compo-
nents , after averaging with respec t to angles in the xy-plane, a r e functions of 
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both 0 and B. To perform the averages with respect to 9 and B, it is necessary 
to know the distributions of these angles as functions of the other parameters of 
the problem (e .g . , as a function of the applied bias field). 
—» 
For the case in which the angle between H. and the z-axis is small, the 
permeability components, as given in Equation 23, are functions of 0 alone. 
Even in this case, the average with respect to 9 cannot be performed explicitly 
without making specific assumptions about the distributions of 9 as a function of 
the applied bias field. However, because the average with respect to 9 is in-
timately related to measurable physical quantities, a very useful form of the 
permeability tensor for unsaturated media can be obtained as follows. Write 
the average of the permeability components given in Equation 23 with the opera-
tor < > denoting spatial average with respect to 9 , Collecting terms and 
9 
recognizing their physical significance leads to the desired permeability compo-
nents. Writing out the average with respect to 9 , the following expressions 
are obtained 
</o &A,0 = 1 + y H. 
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Where it has been recognized that the second term of A is very small compared 
to the first term for parameter values corresponding to the normal operating 
[ 2 M I 2 2 l 2 
»L-w- + ( y H ) - (uat) J . range of phase shifters so that A 
' el i 
Examining the permeability components of Equation 24, terms of the 
I —» 1 I—• l 2 ' 1—• I 3 M < c o s # X , M <cos 0>A , and M <cos 0> are observed to s| 0 1 si cy I si $ 
occur. The first term, |M I < cos 0> , is physically just the remanent mag-
netization, M , in the z-direction. The second and third terms can be r e -
r 
lated to the remanence ratio, R , which is defined by r 
M 
R = r <cos0>/3 . If M is to be greater than zero, the distribution " r r |M I " 6» r 
s of the magnetizations of the domiains with respect to 0 must be "peaked" in the 
adrant so that < cos 0> >0. K this is true, it is e 
0 
1 2 n 1 r 1 ? 1 1 2 < c o s 0> > M I <cos $>A = 3 R 
G I si J 9\ I s r 





< c o s 3 0 X < |M I . < c o s 0 X 
6 I s| v M R . 
s r 
The saturation magnetization M and the remanent magnetization can easily 
I si 
be measured by independent methods. The damping constant a (or A H) is 
measured in the usual manner using a saturated sample. Since u , the micro-
wave radian frequency, will be known this leaves only H. as an unknown factor 
in Equation 24. Itt.l can often be estimated by using Kittel's equation (52) to 
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compute an effective field for the "major" domain. The demagnetizing factors 
for the "major" domain can be estimated from the geometry of the sample. 
It is significant that the real and imaginary parts of the permeability 
2 
components depend in different ways upon < cos S > , < cos 0 X , and 
3 6 v 
<cos 6 >~ . The following special case vividly displays these differences. 
u 
Suppose that I H. I « 0 in Equation 24. The permeability components then be-
come 
<»'></>, A,e * * 
0, A,O 
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e si 0 
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wdyelMsl 2 
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where 
|M I <cos 0 ^ = remanent magnetization = M 
<cos 6>n = remanent ratio = R u r 
Then \ \M j < 1 + cos20 X = ^ | 3 I i l + < cos 2 0>J 2 I si C7 2 I s | ( 0; 
-iFsl(1+[<cose>e]2)-
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Therefore, 7 IM I < 1 + cos2(9X = MT > ; |M I (1 + R
2 ). 
2 S 0 L • ~ 2 s r 
1 1 X y . 1 1 
Similarly, IM* I < 1 - cos2 0 >$ = |M I i 1 - < cos
2 6̂  >} 
< |M | ( 1 - <cos 6> 0 \ ) or T M I < 1 - cos
26>0 = M_ 
, - • 1 2 
< M (1 - R ). Thus the magnetization enters the real and imaginary parts 
of the permeability components in different manners. The appropriate effec-
tive magnetization to use in the real (phase shift) part is the remanent magneti-
zation, M , while the proper effective magnetization to use in the imaginary 
(loss) parts is M for the xy-components and M for the z-component. The 
-LJ XJ 
xy z 
bounds on the M 's are 
J_I 
7 IM I (1 + R2) < MT < fivf I 2 s • r ' L s 
1 1 xy 
0 < MT < IM I (1 - R
2) 
L I si r 
The magnetic losses represented by the imaginary parts of the permea-
bility components of Equation 24 physically represent the spatial averages of 
losses due to damping of the precessional motion of the magnetization within 
the individual domains. The effective static magnetic field H. is to be inter-
preted as an effective internal field which includes anisotropy and demagnetiz-
ing effects. With this interpretation, the high-frequency portion of the "low-
field" losses (53) are accounted for directly by the model. The model does not 
include domain-wall losses. However, in high-density, unstressed ferrites 
domain-wall losses are usually confined to the frequency region below 100 Mc 
(54) and will, therefore, not be important in predicting losses at microwave 
frequencies. 
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Scalar Representation of Magnetic Losses. In the special case 
where a ferrite sample exhibits zero net static magnetization, the tensor relat-
ing <b> to < h> reduces to a complex scalar permeability 
R. = »{ - J HV (25) 
It has been suggested by Ince and Stern (29) and others that the partially magnet-
ized ferrites in latching phase shifters can be treated as though the ferrite were 
magnetically saturated so far as phase shift is concerned and totally unmagnet-
ized so far as losses are concerned. Thus, the phase properties are determin-
ed using the lossless permeability tensor of Equation 3 with the saturation mag-
netization M set equal to the measured remanence magnetization M of the fer-
rite toroid and with the internal magnetic field H. set equal to zero. Losses are 
computed using a measured loss tangent tan 6 = /i'.f ///! in analogy with Equa-
m I I 
tion 25. In the opinion of Ince and Stern (29) this "bulk" loss representation is 
necessary because " . . . it is not feasible to write a tensor loss mechanism for 
the ferrite in the remanent state. " One distinct disadvantage of this or of any 
other bulk loss representation is that the relation of the losses to intrinsic mate-
rial parameters is obscured. Hence, no insight is provided into how the compo-
sition of the material might be modified to improve its loss characteristics. 
This disadvantage would not be too severe if the procedure led to accurate r e -
sults. However, as will be shown in Chapter IV, the proposed bulk representa-
tion does not provide a satisfactory quantitative prediction of magnetic losses. 
The tensor permeability for unsaturated ferrites developed in the preceding sec-
tion does, however, permit accurate quantitative prediction of magnetic losses 
for ferrites in the remanent state. 
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Figure 11. Cutaway View of a Waveguide Latching Phase Shifter 
Specific Phase Shifters and Models 
"Latching" Phase Shifters 
A cutaway view of a particularly useful (22) latching or digital ferrite 
phase shifter structure is shown in Figure 11. In this structure, a rectangular 
toroid of "square loop" ferrite positioned along the axis of the waveguide is 
used as the phase shifting element. A single turn of wire coaxial to the ferrite 
toroid provides a path for the current pulses which magnetize the ferrite to 
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either of two remanent magnetization states (+M or -M ). Corresponding to 
these states, there are phase shifts +<f> and - 0 and their difference, A<p , 
is the nonreciprocal, differential phase shift of the ferrite "bit". In the device 
several bits of different values can be used in cascade to achieve step-wise var-
iable, or digital, phase shift by activating (changing to +M ) the appropriate com-
binations of bits, with the remaining bits left in the "inactive" (-M ) state. The 
dielectric core of the toroid helps to concentrate the rf energy in the ferrite. 
In the normal operational mode of this phase shifter (i. e. , the funda-
mental TE mode), the rf magnetic field is entirely in the xy-plane. The mag-
netization in the top and bottom "crossbars" of the toroid is principally in the 
±x direction, while in the vertical legs the magnetization tends to be in the ±z 
direction. To first order, when the incident rf magnetic field and the direction 
of magnetization of a sample are mutually parallel, there is no interaction be-
tween the field and the magnetization. Therefore, the crossbars of the toroid 
"look" approximately like pieces of dielectric to the incident rf field. In the 
vertical legs the magnetization is normal to the rf magnetic field and a strong 
interaction takes place. 
From the above observations, it is apparent that the single-toroid latch-
ing phase shifter can be represented by the twin slab model shown in Figure 12. 
When the dielectric core and the ferrite toroid of the practical device have the 
same dielectric constant, that value is , of course, used for the dielectric con-
stant of the dielectric load of the model. If the dielectric constants of the di-
electric core and the ferrite are different, an "effective" dielectric constant is 
used for the dielectric load of the model. 
Two variations on the basic structure of Figure 11, both of which can be 
represented by the same model as that of the basic structure, are shown in 
Figure 13. The parameters of these structures are normally such that the rf 
fields are concentrated near the center of the waveguide. The configuration of 
Figure 13a uses an external "driver" ferrite to complete the magnetic circuit 





Figure 12. Twin-Slab Model for "Single-Toroid" Ferrite Latching 
Phase Shifter 
phase shifter can be accomplished more or less independently of the properties 
of the internal ferrite sections (55). Thus, the portion of the material inside 
the waveguide can be selected to "optimize" the microwave performance of the 
device at a given temperature, while a good square-loop, high-Curie-tempera-
ture "driver" ferrite can be selected to insure adequate temperature stability 
without regard for its microwave properties. It is also possible in many cases 
to temperature compensate the characteristics of this structure or those of any 
of the other structures discussed by making the toroid out of a material with 
good microwave properties which have been temperature stabilized by adjusting 
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the material composition (56). The double-toroid structure of Figure 13b per-
mits the switching wires to be positioned in a region of low rf field intensity. 
Also the width of the dielectric load is easily adjusted in contrast with the single 
internal toroid model where a new toroid is required if the width of the core is 
to be changed. Only the inner "leg" of each toroid exerts an appreciable effect 
on the microwave characteristics of the device. 
A configuration closely related to the basic structure of Figure 11 is 
shown in Figure 14. This particular structure is very useful when high average 
rf power is to be controlled. The performance characteristics of a ferrite 
phase shifter normally deteriorate as the rf average power level increases due 
to heating effects. The removal of heat from the ferrite is considerably im-
proved by placing slabs of dielectric material having a high thermal conductivity 
(such as boron nitride) in contact with the ferrite and the waveguide as shown in 
the figure. Combining this technique with the use of a temperature compen-
sated material as the phase shift element leads to considerable improvement in 
average power handling capabilities. The model for this structure is shown in 
Figure 15. 
As the peak rf power is increased, a threshold power level will be 
reached behond which the insertion loss of the device will increase appreciably 
due to the inherent nonlinearities of the system of precessing dipole moments. 
The peak power threshold for the onset of nonlinear effects for any of the above 
structures or for the applied field devices discussed below is partially deter-
mined by the critical field strength of the ferrite, h , which is in turn large-
ly determined by the intrinsic parameters of the ferrite (62) (63) (64). How-
ever, the threshold power level is also strongly influenced by the geometry of 
the structure, since the actual field strength in the ferrite is a function of the 
dimensional and electrical parameters of the components of the structure, the 









Figure 13b. Double Toroid Latching Phase Shifter 
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dimensional parameters of the structure and the permittivity of the dielectric 
load must be adjusted to minimize the rf magnetic field components in the fer-
rite while maintaining adequate phase shift. 
"Applied-Field" Phase Shifters 
Two useful applied-field or analog phase shifter structures and their 
models are shown in Figures 16 and 17. The phase shift for both of these de-
vices can be varied by changing the magnitude and/or the direction of the ap-
plied bias field. The magnitude of the bias field is normally sufficiently large 
to magnetically saturate the ferrite. These structures can be adapted to high 
average power applications by using dielectrics having high thermal conductivi-
ty and temperature compensated ferrites. 







Figure 15. Model for the Structure of Figure 14 
H;app I ied 
FERRITE SLABS 
Figure 16. Twin-Slab Ferrite Analog Phase Shifter 
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Figure 17. Single-Slab, Dielectric Loaded Ferrite Analog Phase Shifter 
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CHAPTER HI 
MODEL ANALYSIS PROCEDURES 
Introduction 
To establish quantitative relationships between the transfer character-
istics of a ferrite device and its dimensional and material parameters, it is 
necessary to solve the boundary value problem for the device structure. Be-
fore the boundary value problem can be solved, mathematical models must be 
established which account for the electromagnetic properties of the materials 
used in the device, and a geometrical model established which accounts for the 
configurational properties of the structure. These two procedures have been 
carried out in Chapter II for a number of ferrite phase shifters. It is the pur-
pose of this chapter to present procedures for solving the boundary value prob-
lems. The phase shifter models of Chapter n are used to illustrate the specif-
ics of the procedures, but the methods presented are applicable to problems of 
a more general nature. 
Three formally different procedures for obtaining the characteristic 
equation for the boundary value problem (i. e . , the propagation constant equa-
tion) are presented. The first, which is referred to as the "direct method", is 
the direct solution of Maxwell's equations subject to appropriate boundary con-
ditions. The second, which is due to Seidel (57), is called the "transverse op-
erator" method and is similar to the A B C D matrix formulation for transmis-
sion line circuits. The third, referred to as "transverse resonance", is due to 
Frank (58) and consists of matching transverse impedances at appropriate 
points. The three methods are, naturally, closely related. 
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Direct Method 
The starting point for the direct method is Maxwell's equations which 
must be solved in an appropriate coordinate system subject to specified bound-
ary conditions. Since the structures of principal interest in this thesis consist 
of interleaved vertical slabs of dielectric and transversely magnetized ferrite 
in a section of rectangular waveguide, a rectangular coordinate system is used 
with the +z-direction pointing, as in Chapter n, in the preferred magnetization 
direction of the ferrite. The positive direction of propagation is taken to be the 
+ y-direction. Sinusoidal steady state conditions are assumed, so that the field 
components have e time dependence and e spatial dependence in the di-
rection of propagation. The general form of the microwave permeability of the 
ferrite whose components are given in Equation 24 is repeated here for conve-
nience. 
= M. 
(p, A, (9 A) , A, 0 
j < * > 
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For the following discussion, the angular brackets representing the spatial av-
eraging are suppressed. 
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The propagation modes of interest for the present class of problems are trans-
verse electric modes with no variation of the rf fields in the direction of the 
magnetization of the ferrite (z-direction). With these constraints (i. e. , E 
ps y 
0, ;?- = 0) imposed, the curl equations can be manipulated to yield 
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For magnetization in the -z direction fi has the same sign but K reverses in 
sign. For a dielectric region // = 1, K = 0 and Equation 30 reduces to 
6 E z , 2 2 , 
r5- + [y + k J E = 0 (31) 
ax2 
E = h = 0 x z 
1 a E z 
h = • A 
y jCJ/iQ d x 
h = T^— y E 
X }U/U Z 
The well-known solutions of Equations 30 and 31 constitute the admissible field 
forms in the dielectric and the ferrite, respectively. A set of functions with 
arbitrary coefficients which permit the boundary conditions of the specific 
structure being analyzed to be satisfied are selected from the admissible func-
tions. Applying the boundary conditions then leads to a set of equations that are 
linear and homogeneous in the arbitrary constants. For a nontrivial solution, 
the determinent of the coefficients of the "arbitrary constants" must vanish. 
This requirement yields., by expanding the determinent, a transcendental equa-
tion for the propagation constant which can be solved by numerical methods. 
With the propagation constant known, all of the constants in the field equations 
except one can be related to the remaining constant and the other parameters of 
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the problem. The one remaining constant is usually evaluated from some aux-
iliary conditions such as a specified value for the input power, 
As an example of the application of this "procedure, consider the electro-
magnetically symmetric structure of Figure 18, The form of the electric field 
intensity in each of the three regions is (suppressing the time dependence) 
E , = [A cos k, x] e z l d 
- y y (32) 
E z2 
r J k x •-j k x . 
Be m • Ce m e - y y 
Ez3 = [ D s i n k a ( x - x 3 ) ] e 
- y y 
2 2 2 2 2 2 2 
k
a - v
 + « ujn
(»> k„ = y + u »SSA> \ o o a d o o d ' m 
2 , ^ ^o £ o £ f 
y + — n — 
where the boundary condition E = 0 at x - x_ has already been imposed. 
z 6 
• — » • - • 
The remaining boundary conditions to be applied are that tangential E and h be 
continuous at the x = x and x = x interfaces, i . e . , 
.1 £t 
E zl = E z2 E z2 
= E z3 
(33) 
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Figure 18. Dielectr ic Loaded Twin Slab Structure 
Solving for the rf magnetic fields using Equations 30 and 31 yields 
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Applying the boundary conditions on E and h tangential, the following set of 
equations are obtained 
[cos kd x x ] A 
r J k x i l m 1 
• e B + - e 
-jk x J m 1 C + [o]D = (36) 
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- j k x_" J m 2 
[ o ] A + [ - p e
3 k m X 2 ( . k m + j|) 
+ [l k a
 c o s ka ^3 " X2>] 
m 
D = 0 
C + [sin ka (x3 - x2)] D = 0 
(km + l2f)]C B+ - p e 
-jk xn J m 2 
For a nontrivial solution the determinant of coefficients of the parameters A, 
B, C, D must vanish. Expanding this determinant yields, after a great deal of 
algebra, the following transcendental equation relating the propagation constant 
to the dimensional and material parameters of the structure. 
[•# <ka " V cot km
 (x2 " xl> " Jk (ka + V ] cos{kd xl " ka (x3 " x2>} <37) 
+ [f- (ka + k d ) c o t km ( x 2 " x l> " T6 <ka " v ] C 0 S { k d x l + ka ( x 3 ' x2»( 
+ [km + J2 - "pH 8ln{kdXl " ka <x3 "x2>} 
- [kl +h + -fr] •HVi+ ka <x3 -*2>} - ° 
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If the dimensional and mater ia l pa ramete r s of the s t ruc ture a r e specified, this 
equation can be solved numerical ly for the propagation constant >\ Equations 
can then be solved for B, C, and D in t e r m s of A and substituted into Equations 
32, 34 and 35 to obtain the electr ic and magnetic field intensi t ies . B , C and D 
in t e r m s of A a re 
B = 
C = 
—i k x 
m 1 ( j k , sin k , x . 
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From the computed values of the propagation constant and the rf field intensi-
ties, various transfer characteristics can be obtained. These data are normal-
ly presented in the form of families of curves relating the device transfer char-
acteristics to its dimensional and material parameters. 
Transverse Operator Method 
The transverse operator method, developed by Seidel, permits the equa-
tion for the propagation constant equation to be obtained rapidly and in a form 
convenient for numerical solution. The technique is based on the fact that in a 
TE mode waveguide where the rf field components have no variation in the di-
rection of the E field, the electromagnetic field is completely specified by the E 
field and the longitudinal h component alone. For example, the electromagnetic 
field in the structure of Figure 15 has components E , h , and h but is com-
z x y 
pletely specified by E and h since h is linearly related to h through the 
divergence condition on the induction field. Both E and h are continuous at 
z y 
the interfaces of the strata of the waveguide cross section. Hence, in analogy 
with the ABCD matrix representation of cascaded transmission lines, a trans-
verse transfer matrix is defined which "transfers" the quantities E and h 
z y 








"- y b J 
(39) 
The overall transverse operator matrix relating the fields at point a to the 
fields at point b is the matrix product of the transfer operators of the individ-
ual regions separating the point. If points a and b are taken to be the walls of 
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(41) 
For a nontrivial solution h , must be nonzero. Therefore, B must be zero. 
yb 
From this condition the equation for the propagation constant is easily deter-
mined. If the structure analyzed has electromagnetic symmetry about some 
point, for example, point o is such a point in the structure of Figure 19; the 
y-component of the h field must be zero about that point and a simplification in 
the computations necessary to obtain the propagation equation results. The 











= A E 
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(43) 
For a nontrivial solution E must be different from zero, and A must, there -
zo 
fore, be identically zero. This condition leads to the equation for the propaga-
tion constant of symmetrical structures. 
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The ABCD parameters for ferrite and dielectric regions are easily ob-
tained from Maxwell's equations. A derivation for these parameters is given 
in Appendix C. The derivation follows that of Seidel but the notation used is 
based on the notation of the "direct method" of the preceeding section. The 
ABCD parameters for a ferrite region of width 6 and a dielectric region of 
width Ware 
Ferrite Region of Width d 
A = cos k <5 + . —z sin k 6 
m k v m 
m 




C = — V̂nr -k2 sink 6 
cJ/i k \ 6 ml m o m 
D = cos k (5 - -—B" sin k <5 
m k 0 m 
m 
0 X! x 2 x 3 x4 
Figure 19. A Structure with Electromagnetic Symmetry about o 
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Dielectr ic Region of Width W 
A = cos k , W 
d 
(45) 
- ] C J W 
B = sin k . W 
d 
- j k 
C = sin k^ W 
Ufi d 
D = cos k , W 
d 
The definitions of the symbols and a discussion of algebraic sign changes with 
stat ic field r eve r sa l a r e given in Appendix C. 
As an example of the application of this method, consider the s t ruc ture 
shown in Figure 19. This s t ructure has electromagnetic symmetry about o. 
The overall t ransfer matr ix is 
A B A i B i 
C Dj LC, D, J u 1 1 
K B r t 2 2 
-C r t D r t 2 2 
A 3 B 3 
^C D J 
3 3 
AA B . 4 4 
4 4 
(46) 
Carrying out this multiplication and setting A = 0 yields 
A = ( A A + B C J ( A A + B 0 C J v 1 2 1 2 M 3 4 3 4 ; 
H" ( A 1 B 2 + B 1 D 2 ) ( C 3 A 4 + D 3 C 4 ) = ° 
(47) 
Substituting for the A ' s , B ' s , C ' s , and D's from Equations 44 and 45, the fol-
lowing equation for the propagation constant i s obtained 
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If the field intensities are required, they can be obtained from Maxwell's equa-
tions by the same procedure used in the direct method. 
Transverse Resonance 
The transverse resonance method of obtaining the equation for the prop-
agation constant is based on the same observations about the fields in a TE 
mode waveguide as was the transverse operator method. The difference be-
tween the methods is that the transverse resonance technique deals with ratios 
of E to h while the transverse operator method deals with the fields them-
z y 
selves. Since E and h are both continuous at the interface between two media, 
z y 
their ratio must also be continuous. The ratio of E to h is usually referred 
z y 
to as the transverse wave impedance. By matching wave impedances at the 
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interfaces between the strata of the waveguide cross section, the equation for 
the propagation constant may be obtained. 
As an example of the application of this procedure, consider the struc-
ture shown in Figure 18, which was used as an example for the direct method. 
The E* field and h fields in regions 1, 2, and 3 are given by Equations 32, 
34 and 35 of the section on the direct method. The conditions to be satisfied by 





X == X, 
(49) 






X = X . x = x. 
Substituting for the fields and manipulating the resulting two equations, 
the following equation is obtained for the propagation constant. 




k k. a d 
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Equation 50 can be shown to be equivalent to Equation 37 obtained earlier by the 
direct method. 
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The effects of dielectric and magnetic losses can be included exactly in 
the characteristic equation obtained using any of the above methods by simply 
using the appropriate complex permeability (Equation 15, 24, or 25) and per-
mittivities. Solution of the characteristic equation then yields directly the 
theoretically predicted values of attenuation and phase shift per unit length for 
the device. It is often desirable to include waveguide conductor losses in the 
theoretical prediction of the overall losses for a ferrite device. For this pur-
pose, a standard smalHoss technique (67), which is quite satisfactory for com-
puting waveguide losses is presented in Appendix B. 
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CHAPTER IV 
EXPERIMENTAL VALIDITY CHECKS 
ON LOSS REPRESENTATIONS 
IN SATURATED AND UNSATURATED FERRITES 
Introduction 
In Chapter II the following observations were made on loss representa-
tions in polycrystalline ferrites. (a) It is commonly believed that the Landau-
Lifshitz loss representation is not valid for quantitative prediction of losses in 
saturated polycrystalline ferrites biased from resonance, (b) It is the conten-
tion of some current investigators that losses for ferrites in a remanent magne-
tization state must be represented as bulk losses. In the same chapter, a 
method by means of which losses for ferrites in a remanent or unsaturated 
state can in fact be represented by a "lossy" tensor permeability was presented. 
It is the purpose of the current chapter to present and compare the results of 
numerical computations and experimental measurements which were carried 
out to test the validity of the three loss representations mentioned above, i. e. , 
the LL representation for saturated ferrites, and the "tensor" and "bulk" repre-
sentations for ferrites in the remanent state. The numerical calculations were 
carried out with the aid of a Burrough's B-5500 digital computer which was 
made available by the Rich Electronic Computer Center of the Georgia Institute 
of Technology. All experimental data were furnished by the Sperry Microwave 
Electronics Company of Clearwater, Florida. 
Both the theoretical and the experimental data are presented in normal-
ized form. Physical dimensions are normalized with respect to the free space 
wavelength at the center operating frequency, f . Frequency and the frequency 
c 
equivalents of static magnetic fields and of remanence and saturation magneti-
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zations are normalized with respect to the center operating frequency. Differen-
tial phase shift is given in degrees per GHz-cm. To unnormalize this quantity 
with respect to frequency, multiply by the center frequency in GHz. Losses 
are given either as decibels per 360 of differential phase shift or decibels per 
centimeter. 
Ferrite parameters and the phase shift and loss characteristics of the 
various devices were measured using standard techniques and equipment as 
described briefly below. 
Measurement Equipment and Techniques 
Measurement of Saturation Magnetization 
Saturation magnetizations were measured using a vibrating sample mag-
netometer. This measurement is based on the detection of the ac magnetic 
field set up by the vibrating magnetic sample. A small sphere of the ferrite is 
placed in a strong saturating dc magnetic field. The sample is vibrated at a 
low audio frequency (100 cps) and the oscillating dipole field thus generated is 
detected by two coils so positioned as to minimize stray pickup. The magnitude 
of this dipole field is compared to the signal detected by two similar coils from 
a known calibrated sample attached to the same vibrating rod. This system, 
first proposed by Foner (66), is capable of accurate, continuous readout and 
lends itself well to the measurement of saturation magnetization as a function 
of temperature. The magnetometer can also be used to measure coercive force 
on spherical samples. 
Measurement of Remanence Ratio 
A hysteresisograph, or "square loop tester,"was used to obtain the 
remanence ratio for toroidal samples. A brief schematic of the device is 
shown in Figure 20. The equipment operates at 60 cps and consists of a coax-
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Figure 20. Schematic of Square Loop Tester Modified for Measuring the 
Remanent Magnetization 
Measurement of Resonance Linewidth 
Resonance linewidths were obtained using a reflection type, X band, 
resonance spectrometer. The samples measured were generally in the form 
of spheres 20 ± 2 mils in diameter polished to a 4/0 finish. 
Measurement of Dielectric Constant and Dielectric Loss Tangent 
Measurements of dielectric constant and dielectric loss tangent were 
made at X band. A small cylindrical sample of the material to be measured 
is inserted in a transmission cavity at a point of maximum electric field and 
zero magnetic field. If the Q and the resonant frequency of the cavity are known 
before and after a sample is inserted, tan 6 and €? can be calculated. 
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Measurement of Attenuation and VSWR 
Measurements of attenuation and VSWR were carried out using the so-
called ratio detector depicted in Figure 21A. This method, described by Hunton 
et al (67), permits a continuous display of the loss and VSWR across the fre-
quency band. 
Measurement of Differential Phase Shift 
Differential phase shift was measured in the phase bridge shown in Fig-
ure 21B. At the power splitter the rf energy divides. The losses of the phase 
shifter under test are balanced and monitored by the calibrated attenuator in the 
upper arm. The ferrite is magnetized first clockwise and then counterclockwise 
and the calibrated phase shifter is adjusted to provide a null for each direction 
of magnetization. The difference of the calibrated phase shifter readings is the 
differential phase shift. 
Loss Representation in Saturated Ferrites 
Magnetic losses in saturated ferrites are usually accounted for analyti-
cally by the Landau-LifsMtz phenomenological representation of Equation 14 
(Chapter IE). As pointed out earlier, this representation is commonly believed 
to be quantitatively correct only at resonance. A s a test of its quantitative 
accuracy over a wide operating region far from resonance, the Landau-Lifshitz 
loss formulation was utilized in the solution of the boundary value problem for 
the configuration of Figure 22. The loss and phase characteristics predicted 
by the analysis were then compared with the measured properties of a laboratory 
model of the device. Magnetic and dielectric losses were included exactly in the 
boundary value problem. Waveguide losses were computed using the small loss 
technique discussed in Appendix B. The internal dc magnetic field is determined 
from the measured bias field and the demagnetizing factors of the ferrite slab. 
Because the boundary value is solved exactly, the demagnetizing factors asso-
ciated with the rf magnetic field are accounted for automatically by the boundary 
63 
conditions imposed on the rf fields at the surfaces of the fe r r i t e . The equation 
for the propagation constant i s 
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A variety of pa rame te r combinations were examined. Typical theoret i -
cal and experimental resu l t s a r e compared in Figures 23 and 24. The a g r e e -
ment between predicted and measured resu l t s i s good, and the conclusion is 
that the Landau-Lifshitz representat ion is satisfactory for quantitative p r ed i c -
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B. PHASE BRIDGE SETUP FOR MEASURING PHASE SHIFT 
Figure 21. Laboratory Setups for Measurement of Attenuation and Phase Shift 
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Loss Representations in Unsaturated Ferrites 
Two possible ways of representing magnetic losses in unsaturated fer-
rites ( i . e . , the "tensor" and the "bulk" representations) were presented in 
Chapter n. To test and compare the accuracy of these two magnetic loss re-
presentations for the prediction of losses in ferrite devices, the configuration 
of Figure 18 was analyzed for the case of the ferrite in a remanent magnetiza-
tion state with magnetic losses included by both of the proposed methods. The 
predicted loss and phase characteristics were then compared with the measured 
performance characteristics of a laboratory model of the device. The propaga-
tion constant equation for the model analyzed is given in Equation 37 (Chapter 
HI). The experimental phase shifter was of the latching type discussed in Chap-
ter II and illustrated in Figure 11. 
Because the latching phase shifter operates in the remanence state, no 
dc magnetic field is applied. The question then arises as to what value should 
be assigned to the effective internal field H.. A possible starting point is to 
assume that H. is also zero. This is the procedure followed by Ince and Stern 
and by Schloemann. However, this assumption, which in essence ignores the 
possibility of precessional resonance, is not in agreement with experimental 
results obtained by the research group of the Sperry Microwave Electronics 
Company. Their measurements on ferrite toroids in a remanent state show a 
pronounced resonance loss peak. This loss is believed to be the result of pre-
cessional resonance in the various magnetic domains of the toroid, which im-
plies a non-zero effective field H.. To establish a reasonable value for H. 
i I 
requires some understanding of the domain structure of the material. For 
material geometries which lead to an appreciable remanence ratio (0.5 or great-
er), the domain structure of the ferrite will most likely consist of a few large 
domains and some smaller domains in "unmagnetized" parts of the material. 
Each domain may have different demagnetizing factors, and in each domain the 
magnetization will exhibit precessional resonance at a characteristic frequency 
determined by the anisotropy field of the material and the demagnetizing fields. 
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It is important to observe that, although the rf demagnetizing factors at the 
surfaces of the ferrite are accounted for by the applied boundary conditions, 
the rf demagnetizing factors of the various internal domains are not included 
by that procedure and must be accounted for in the average effective field H.. 
Based on this domain model, the major portion of the resonance losses will be 
determined by the effective field of the largest domains whose magnetizations 
are oriented orthogonal to the rf magnetic field. The geometry of these major 
domains should be related to the overall sample dimensions. 
Based on this thought, H. can be estimated using Kittel's equation and 
the estimated demagnetizing factors of the major domain. Because the applied 




(W + N a - N ) 4TTM ( N + N a - N V 
\ x x z / s V v y z> I47TM s_ 
a a 
where N , N are the effective demagnetizing factors arising from anisotropy 






47TM ht- 2 2 sin 0 - 3 sin 2 0 
s 
4TTM L 
2 3 2 
2 sin 0 - - r - sin 2 0 
Here 0 is the angle the magnetization makes with a <100> direction of the 
crystallites as measured in a <110> plane. If the magnetization is assumed 
to lie along the easy direction of a negative anisotropy material, the resonance 













where N has been set equal to zero in accordance with the toroidal geometry. 
z 
The parameter K is the first order magnetocrystalline anisotropy constant. 
K i 
For a typical garnet toroid with-— » 60 oe. , 47TM =1200 gauss, and a length 
s 
to width ratio of 10 to 1 for the toroid legs, the estimated effective field for the 
major domain is 
H. == 7(80+ 120) (80+ 1080f 
H. « 480 oe. 
l 
Li Figures 25 and 26, the theoretical differential phase shift and loss per 
360 of differential phase shift for a latching phase shifter are shown for sever-
al values of the normalized effective internal field as functions of the width of 
the waveguide. In addition, the experimentally observed loss and differential 
phase shift for the same structure are given. It is encouraging to note that as 
the effective field approaches the value predicted by the simple arguments given 
above, both the predicted loss and differential phase shift for the structure ap-
proach the observed values more closely. The theoretical predictions and the 
experimental results are in fact in excellent agreement. Figures 27 and 28 
illustrate the effect on loss and differential phase shift of variations in H. over 
I 
a small range of values when all other parameters are fixed. Additional curves 
comparing theoretical with experimental results are given in Appendix D. 
Figure 29 presents a comparison of the experimental losses for a latch-' 
ing phase shifter with theoretical losses computed by - (a) a "small loss" tech-
nique (see Appendix B) with magnetic losses represented by a bulk loss tangent, 
(b) solving the exact boundary value problem with magnetic losses represented by 
a bulk loss tangent, and (c) solving the exact boundary value problem with magne-
tic losses represented by the "lossy" tensor permeability. These results imply 
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Figure 27. Differential Phase Shift vs Effective Internal 
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Figure 28. Loss Per 360 Of Differential Phase Shift vs 
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that neither the bulk magnetic loss representation or the small loss computa-
tional technique are sufficiently accurate for quantitative prediction of losses in 
ferrite phase shifters. 
A critical test for the tensor representation of magnetic losses in un-
saturated ferrites arose when the theoretical analysis predicted an unexpected 
strong dependence of loss on resonance linewidth AH. To test the validity of 
this surprising prediction, a special series of experiments were carried out. 
The results, shown in Figure 30, conclusively verify the validity of the tensor 
representation of losses in unsaturated ferrites. The materials used were 
yttrium dysprosium aluminum iron garnet (8% Al, 10% Dy, AH = 379 oe.), 
yttrium dysprosium aluminum iron garnet (8% Al, 4% Dy, AH - 163 oe.) , 
yttrium dysprosium aluminum iron garnet (8% Al, 2% Dy, AH = 100 oe.) , 
yttrium gadolinium iron garnet (30% Gd, AH = 7 0 oe.) , yttrium aluminum 
iron garnet (5% Al, AH = 30 oe.). The data points have been normalized to 
correspond to a remanence ratio of one half. 
Re sonance Linewidth 
Resonance linewidth has been shown to be a very strong factor in deter-
mining the magnitude of magnetic losses in ferrite phase shifters. For this 
reason, the various damping mechanisms which contribute to the broadening of 
the resonance linewidth and their significance in the current problem are dis-
cussed briefly below . The linewidth utilized in all the computations in this 
thesis is the experimentally determined polycrystalline linewidth. The line-
width observed on polycrystalline ferrimagnetic materials arises from several 
different sources. The various line broadening mechanisms can be categorized 
as intrinsic damping, corruption or porosity broadening, and anisotropy broad-
ening. Obviously, all damping mechanisms are line broadening mechanisms 
since, in the absence of damping, the resonance line is infinitely narrow. 
* 
This discussion is based on private correspondence with Dr. G. P. Rodrigue 





m c = — . • 
U 
c 
fc = 9 Ge 
y47TM r 
-•= 0.38 Rr = 0.5 
c a = LO 
e< = 16.0 
= ° - ' 9 £ ° = 1 6 . 0 
tan 0 a = 0 















n ne \ 
/ • \ . v . 
<d e < 
W •. 
w1 ~ U-UD A c tan 6 f = 0 . 0 0 0 7 
W3 = 0 . 3 B 2 A c x c = 3 . 3 3 Cm 
* 4 = ° - 0 < * c HF = 0 . 1 
W5 = 0 . 2 9 4 X c d H = VARIABLE 
n j 
X 
- v 5 
O • 
C3 FHEC RETICA L > 
CO 







CO T HEORETICA 



















1 O EXPERIMENTAL - M r POINTS 
X EXPERIMENTAL +M r POINTS 









RST EDS ) 
4C 0 5 ]0 
Figure 30. Loss Per 360 Of Differential Phase Shift vs Polycrystalline 
Linewidth For A Latching Phase Shifter 
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Intrinsic damping contributes the linewidth that is observed on pure 
single crystals, free from surface effects and so forth. This certainly repre-
sents a lower limit on polycrystalline linewidth, as all other effects will broad-
en this intrinsic resonance linewidth. The intrinsic linewidth of a polycrystal-
line sample is the same as the intrinsic linewidth of a single crystal sample of 
the same material and of equal purity. The equal purity should be kept in mind 
since lower purity oxides (99. 9) sire normally used in polycrystalline materials 
than are used in single crystal work (99. 9999). Intrinsic linewidth is rather 
intimately related to the spin wave linewidth, AH . In fact, as a good approxi-
mation, one can take AH to be equal to the intrinsic AH at the same frequency. 
K 
A frequency dependence of intrinsic linewidth has been observed on many single 
crystal samples and some polycrystale. The observed shape of the loss curve 
and the frequency dependence of linewidth for losses due to intrinsic damping 
are in excellent agreement with the predictions of the Landau-Lifshitz loss 
formulation. 
Intrinsic linewidths vary widely. Prime examples are found in the gar-
net family. For example, pure yttrium iron garnet single crystals may have 
linewidths of a few tenths of an oersted, while the yttrium dysprosium iron 
garnets may have linewidths of several thousands of oersteds. In fact in the 
rare earth garnets, intrinsic linewidths are often so broad that the single and 
polycrystalline samples exhibit essentially the same linewidth — all other con-
tributing factors being almost negligible. This dominance of the intrinsic damp-
ing also manifests itself in the observed frequency dependence of the polycrystal-
line linewidth of rare earth and even of rare earth doped garnets. Thus, the 
linewidth of a heavily dysprosium doped yttrium iron garnet may show a marked 
frequency dependence. When intrinsic damping is dominant, X-band linewidths 
may actually be many times larger than L- or S-band linewidths. 
Corruption or porosity broadening occurs in all polycrystalline samples 
to some extent. The more porous or less dense a polycrystalline sample is, 
the broader will be its resonance linewidth. Porosity broadening will contribute 
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a line broadening proportional to the percent porosity and to the saturation mag-
netization. Porosity broadening seems to be independent of frequency. 
Anisotropy broadening has long been recognized as a source of linewidth 
in polycrystalline materials. Since each grain or crystallite may have its crys-
tallographic axes aligned different from its neighbor, the effective anisotropy 
field varies from one grain to the next. Thus, each grain will resonate at 
slightly different field values, and this spread in effective field values gives 
rise to a spreading out of the resonance loss. This type of line broadening is 
independent of frequency and is the dominant mechanism in many common fer-
rites and garnets. 
If porosity and anisotropy broadening are the dominant factors in deter-
mining the linewidth, there is some question as to whether the loss profile in 
the phase shift region (i. e. , far from resonance) follows the Lorentzian curve 
predicted by the Landau-Lif shitz loss formulation or not. Some experimental 
results have been reported which seem to indicate that the loss profile in the 
region far from resonance does not follow the Lorentzian curve calculated using 
the measured polycrystalline linewidth, but that it may follow such a curve com-
puted using the linewidth measured on a single grain taken from the polycrystal-
line sample. However, excellent agreement, as shown in Figure 30, was found 
between the losses in a latching phase shifter computed using the measured poly-
crystalline linewidth and the experimentally observed losses for the same con-
figuration both for materials in which intrinsic damping dominated and for mate-
rials in which anisotropy and porosity damping dominated. This tends to indi-
cate that the Lorentzian curve computed using the polycrystalline linewidth may 
be valid even in the region far from resonance. 
In summary, polycrystalline linewidth of many ferrites and garnets is 
determined predominately by anisotropy broadening and is rather independent 
of frequency. In very porous samples, porosity broadening may be the domi-
nant mechanism. It, too, is independent of frequency. In some rare earth 
doped garnets (or single crystals), intrinsic damping may be the dominant mech-
anism, and this linewidth will vary almost linearly with frequency. 
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Separation of Loss Contributions 
One of the distinct advantages of an analytical approach to ferrite device 
design is that changes in device performance due to variations in material and 
dimensional parameters of the structure can be separated and the effects exam-
ined parameter by parameter. This permits evaluation of the relative impor-
tance of each parameter on the overall performance of the device. Figure 31 
shows a separation of overall losses for a typical latching phase shifter into 
magnetic, dielectric, and waveguide loss contributions. Magnetic losses ob-
viously dominate. The fact that magnetic losses vary linearly with linewidth 
has been demonstrated by the data shown in Figure 30. Thus, the losses of the 
phase shifter can be reduced by using a material with a smaller linewidth. 
Figures 32 and 33 show the variation of dielectric losses in a twin slab struc-
ture as a function of dielectric loss tangent for several values of dielectric con-
stant and various spacing,"s between slabs. In these and all other examples in 
this thesis except where otherwise specifically noted magnetic and dielectric 
losses are computed exactly. The relatively small waveguide losses are com-
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CHAPTER V 
PHASE SHIFTER DESIGN DATA 
Introduction 
Ferrite devices have traditionally been designed primarily on the basis 
of "cut-and-try" experimental methods with general guide lines provided by 
qualitative theoretical results. The analytical procedures developed in this 
thesis, when used as design tools, permit the loss and phase characteristics of 
ferrite phase shifters to be predicted with great accuracy. Equally important 
to the device designer, the procedures enable the overall device loss and phase 
characteristics to be determined as functions of the dimensional and material 
parameters of the structure. Thus, the relative importance of the various para-
meters in determining device performance is easily evaluated. With the aid of 
a moderately high speed digital computer such as the Burrough's B-5500, loss 
and phase characteristics corresponding to more than one hundred sets of struc-
tural parameters can be computed per minute. It is , thus, possible to examine 
a very wide variety of parameter combinations. In the following section, a num-
ber of calculated design curves for ferrite phase shifters of both the latching and 
the applied field types are presented. These families of curves, normalized in 
the manner discussed in Chapter IV, are typical of the type of design data obtain-
able with the procedures developed. 
Design Data 
Latching Phase Shifters 
The basic model analyzed is the dielectric loaded twin slab structure 
shown in Figure 18. The design curves which follow are directly applicable in 
the design of composite loop structures, such as the one shown in Figure 13a. 
For structures using a single internal toroid, like the one shown in Figure 34, 
the dielectric constant of the dielectric slab in the model should be treated as 
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Figure 34. An Internal Toroid Latching Phase Shifter 
an effective value. A simple procedure for computing the effective values of 
dielectric constant and dielectric loss tangent which leads to quite accurate re-
sults is to use volume ratios. That is 
effective 
tan<5 r r ,. = tan d effective 
2W, \ / W„ - 2W > 
M+tanJl 5 4 W W. 
Differential Phase Shift. Differential phase shift is found to be an a l -
most linear function of remanence magnetization as illustrated by Figures 35 
and 36. In Figure 35 the remanence ratio is fixed and normalized saturation 
magnetization is the variable, wliile in Figure 36 the saturation magnetization 
has a fixed value and remanence ratio is the variable. 
The variation of differential phase shift as a function of dielectric load 
thickness is illustrated in Figures 37 and 38. Dielectric constant of the load 
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slab is a parameter in these two figures. Increasing the load dielectric con-
stant causes a pronounced increase in the differential phase shift. Definite 
maxima are seen in the differential phase shift curves as a function of W for 
loading slabs with sufficiently high dielectric constants. 
Differential phase shift is found to be a nonlinear function of ferrite 
thickness as shown in Figures 39 and 40. These figures clearly illustrate the 
saturation of the differential phase shift at large values of ferrite thickness for 
several values of dielectric load thickness. 
Frequency Sensitivity of Differential Phase Shift. The variation of dif-
ferential phase shift can be controlled to some extent by proper selection of 
waveguide width and dielectric load thickness. Figures 41 and 42 show the fre-
quency variation of differential phase shift for several values of waveguide width 
and of dielectric load thickness, respectively. It can be seen that in either 
case there are values of W and W that yield a differential phase shift which 
o J-
is essentially independent of frequency over a wide band of frequencies. The 
slope of the phase shift curve is quite important in many applications. Phase 
slope is defined as the change in differential phase shift over a 0.1 increment 
in normalized frequency centered at the operating frequency. Figure 43 is a 
plot of phase slope versus waveguide width with dielectric load thickness as a 
parameter. Note that combinations of W and W values may be selected which 
will result in zero phase slope. 
Insertion Loss. A useful figure of merit for nonreciprocal phase shift-
ers is the loss per 360 of differential phase shift (LP360). Figure 44 shows 
the variation of LP360 as a function of dielectric load thickness for the struc-
ture whose phase characteristics are shown in Figure 37. Note the broad 
minima in LP360 at about the value of W for which the differential phase shift 
is maximum. Sharper minima are seen in the curves of LP360 versus ferrite 
thickness shown in Figure 45. The frequency variation of LP360 is illustrated 
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LP360 is found to be a linear function of resonance linewidth as shown 
in Figure 48. For the larger linewidths (> 100 oe.), the nonreciprocal loss 
component is excessive for many applications. Figure 49 illustrates the varia-
tion of LP360 with saturation magnetization for fixed remanence ratio. Note 
that the internal effective field is taken to be zero. An effective field could be 
computed for each value of saturation magnetization as shown in Chapter IV. 
In that case, the LP360 would be appreciably larger for the high magnetization 
values. If the saturation magnetization is fixed in value and the remanence ratio 
is varied, LP360 is found to increase sharply for low remanence ratios as shown 
in Figure 50. This behavior is largely due to the small differential phase shift 
for low remanence ratios. 
High Power Effects. At high rf peak power levels insertion loss will in-
crease appreciably if the internal rf magnetic field of the ferrite exceeds the 
threshold value for the onset of nonlinear effects. The actual rf field strength 
in the ferrite, and hence the input power level at which nonlinear effects set in, 
is a function of the dimensional and material parameters of the device structure. 
Figures 51 and 52 illustrate the variation of the maximum of field intensity in 
the ferrite for one watt of incident power as a function of dielectric load thick-
ness. It can be seen that some improvement in peak power capability is possi-
ble for large spacing between the ferrite slabs. 
Performance characteristics of ferrite phase shifters normally deterio-
rate as the rf average power level is increased. This degradation of perform-
ance is due primarily to heating effects. Removal of heat from the ferrite is 
considerably improved by placing slabs of dielectric material having a high 
thermal conductivity (such as boron nitride) in contact with the ferrite and the 
waveguide as shown in Figure 14. The model for this structure is shown in 
Figure 19. The principal effect of adding the cooling slabs is to decrease the 
differential phase shift as shown in Figure 53. From Figure 54 it can be seen 
that even though the differential phase shift decreases with the addition of the 
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to the redistribution of rf energy with a portion of the energy previously in the 
ferrite now in the lower loss cooling slabs. Thus, the overall loss is decreas-
ed, and the ratio of differential phase shift to loss is essentially unchanged. 
Applied Field Phase Shifters 
The basic models analyzed are the dielectric loaded twin slab structure 
shown in Figure 18 and the dielectric loaded single slab structure shown in 
Figure 22. For most purposes, at a fixed value of bias field, an applied field 
phase shifter can be considered to be a remanent device with a remanence ratio 
of unity. That is , the same general trends in loss and differential phase shift 
variations with dimensional and material parameters are found for both latching 
and applied field phase shifters. The applied field devices, of course, have the 
bias field as an additional degree of freedom. The variation of differential phase 
shift and LP360 for the twin slab structure as a function of bias field are shown 
in Figures 55 and 56. Both loss and differential phase shift are almost linear 
functions of the normalized internal magnetic field for a small range of values 
near zero. Differential phase shift and LP360 for the single slab structure as 
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CHAPTER VI 
RESULTS AND CONCLUSIONS 
The analytical and experimental results presented in this thesis demon-
strate conclusively the practicability of precise quantitative prediction of losses 
in practical ferrite devices. The central issue dealt with is the problem of mag-
netic loss representation, both in magnetically saturated and in partially magne-
tized ferrites. In both cases a loss representation is desired which is simple 
in physical concept, quantitatively accurate, and for which the parameters in-
volved are measurable intrinsic properties of the material. For magnetically 
saturated ferrites the traditional Landau-Lifshitz phenomenological loss repre-
sentation certainly satisfies the first and third of the desired conditions. The 
question of its quantitative accuracy has been less clear. For polycrystalline 
ferrites common belief has been that the Landau-Lifshitz representation is 
quantitatively valid only at resonance. However, the theoretical and experi-
mental results presented in this thesis have demonstrated that the Landau-
Lifshitz loss representation can in fact be used with confidence for the predic-
tion of magnetic losses in saturated polycrystalline ferrites even in the region 
far from resonance. This conclusion was reached by comparing the theoretical 
operating characteristics of an analog phase shifter, whose phase shift element 
was a single magneticalljr saturated ferrite slab, with the measured characteris-
tics of an experimental model of the device. The theoretical characteristics 
were obtained by solving the exact boundary value problem for the structure. 
The representation of losses in partially magnetized ferrites is compli-
cated by the existence of a multiplicity of magnetic domains of various shapes 
and orientations. The only technique available in the literature for representing 
magnetic losses in such materials is the ffbulkM loss representation normally 
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associated with totally immagnetized samples. This type of loss representation 
is undesirable for partially magnetized materials for several reasons. The 
principal two being (a) its failure to provide an explicit relationship between 
the losses and fundamental material parameters such as saturation magnetiza-
tion and resonance linewdith, and (b) the apparent failure of "bulk" magnetic 
loss tangents, obtained by existing measurement procedures, to account for 
magnetic losses observed in ferrite devices. 
Because of the inherent disadvantages of the "bulk" representation of 
magnetic losses, an alternate way of representing losses in partially magnetiz-
ed ferrites was developed in this thesis. The new representation has the de-
sired features of conceptual simplicity, quantitative accuracy, and explicit 
relationship to measurable intrinsic material parameters. It is based on an 
extension of the Landau-Lifshitz tensor representation of losses in saturated 
samples (or single domains) to multi-domain (partially magnetized) samples. 
Analytical expressions for the components of the new "lossy" small signal per-
meability tensor for partially magnetized ferrites were derived using a spatial 
averaging technique on the permeability tensors for combinations of "single" 
domains whose effective fields and saturation magnetizations are oriented at 
different angles. The real (phase shift) part of the average permeability com-
ponents is found to be proportional to the net magnetization of the sample. On 
the other hand, the imaginary (loss) part of the permeability components is 
related to an effective magnetization which is always greater than the net mag-
netization but less than the saturation magnetization of the material. This 
simply implies that domains must be favorably oriented to yield positive phase 
shift, while even domains unfavorably oriented so far as phase shift is concern-
ed contribute to the loss,, For remanence devices this means that phase shift 
will be directly related to remanence magnetization, but loss will be more 
intimately related to saturation magnetization. The validity of the derived 
"average" permeability tensor for the prediction of losses in partially magne-
tized ferrites was demonstrated by a comparison of the theoretically predicted 
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characteristics of several devices with experimental results. The devices 
examined were remanence (hatching") phase shifters, whose phase shift ele-
ments were ferrite toroids. Theoretical characteristics were obtained by solv-
ing the exact boundary value problem for each structure. 
One of the more interesting; results of the theoretical analysis of latching 
phase shifters was the prediction of an unexpected strong dependence of loss in 
the partially magnetized material on resonance linewidth. This surprising pre-
diction was subsequently verified experimentally, convincingly demonstrating 
the validity of the "average" tensor representation of losses in partially mag-
netized ferrite s. 
Resonance linewidth has, thus, been shown to be of great importance in 
determining losses in partially magnetized ferrites as well as in magnetically 
saturated materials. The measured polycrystalline linewidth has been exclusive-
ly used in the computations in this thesis. Theoretical device characteristics 
predicted on this basis are, in general, in excellent agreement with experimen-
tally determined characteristics. There is some experimental data available, 
however, which indicates that for some materials of types not examined in detail 
in this thesis, the appropriate linewidth to use in theoretical calculations may 
be something other than the polycrystalline linewidth. Any conclusion drawn at 
this time must of necessity be somewhat vague, because of the sparcity of ex-
perimental evidence. Tentatively, however, it appears that for many materials, 
such as the rare earth doped garnets, in which intrinsic damping is the dominant 
line broadening mechanism the polycrystalline linewidth is indeed the appropri-
ate linewidth to use. On the other hand, for materials, such as magnesium 
manganese ferrite, in which anisotropy and porosity are the dominant line 
broadening mechanisms the appropriate linewidth to use in theoretical calcula-
tions in the region far from resonance may be the linewidth due to intrinsic 
damping only. This linewidth would, of course, be appreciably smaller than 
the polycrystalline linewidth. Additional work is required to clarify this issue. 
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The "small loss" computational technique has been used extensively in 
the past to predict losses in dielectrics and more recently in ferrites. This 
technique assumes that the rf field distributions in the presence of losses are 
the same as those that would exist if the material were lossless. Losses are 
then computed using a loss tangent and the lossless energy densities. A com-
parison of losses predicted using this technique with those obtained from the 
solution of the exact boundary value problem and with experimental results in-
dicates that "small loss" solutions are unsatisfactory for quantitative prediction 
of dielectric and magnetic losses. Losses predicted by the "small loss" tech-
nique are typically 40 to 50 per cent of the losses predicted by the solution of 
the exact boundary value problem,. Losses predicted by the exact solution are 
in excellent agreement with experimental results. Conductor losses in wave-
guide walls predicted by the "small loss" procedure appear to be in better agree-
ment with experimental data. However, these losses are typically so small that 
measurement inaccuracies cloud the issue. 
As a prelude to the derivation of the "average" permeability tensor for 
partially magnetized ferrites, the various equations of motion for the magneti-
zation in magnetically saturated ferrites were examined. All of the equations 
examined (including phenomenological damping terms) were shown to be obtain-
able from a single equation. The various forms of the single phenomenological 
equation simply highlight specific aspects of the general problem. 
The practicability of precise analytical design of latching and applied 
field ferrite devices including the prediction of insertion loss, was demonstrated 
by theoretical and experimental results presented in this thesis. Quantitative 
relationships were provided relating device transfer characteristics to the in-
trinsic material and dimensional parameters for a number of phase shifter con-
figurations. These relationships, when programmed for a digital computer, 
allow a very wide variety of parameter combinations to be examined in a short 
time (typically more than one hundred configurations per minute). Extensive 
design data for waveguide latching and analog phase shifters were presented in 
the form of families of normalized curves. 
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APPENDIX A 
TENSOR PERMEABILITY FOR UNSATURATED FERRITES 
The small signal permeability <//. > relating the effective rf fields <b> 
and<h> in an unsaturated ferrite can be obtained from the "point" small signal 
permeability }i. which relates the "point" rf fields T? and h of an appropriate satu-
Ĵ  
rated media problem by performing a spatial averaging as follows. Consider a 
ferrite sample consisting of a single domain magnetized by an effective static mag-
netic field. The saturation magnetization M of the domain and the net effective 
static magnetic field H. are assumed to be oriented in different directions as 
shown in Figure 10. The equation of motion for the macroscopic magnetization, 
including losses via the Landau-Lifshitz damping term, is 
d M -» -» a - • dM 
- = ^ ( M x H J - ^ M x — (51) 
where 
M = M + m jWt H = H. +"E iut 
s e I e 
M = |M I {Tsin $ cos <t> + Tsin 0 s in0 + ^ cos 0 j = saturation mag-
netization 
H. = |H.I li sin B cos A + i sin B sin A + k cos B [ = net effective 
1 1 • 
static magnetic 
field 
h = f h +Th + kh = rf magnetic field 
— x - • y — z 
in = T m +"T m + k m = rf magnetization 
x y z 
2 1 
y = y ( l + c < ) > a = — r , T = damping time constant e CJt 
By expanding Equation 51 and equating coefficients of e , the following equa-
tion is obtained. 
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j(jm = y (M x h) - y (H. x in) - j - m (Mxm) (52) 
e e 1 TBI 
where 
MxlT = T(M h - M h ) + T ( M h - M h ) + k ( M h - M h ) y z z y z x x z x y y x 
H. x m = T (H m - H m ) + f (H m - H m ) + £ (H m - H m ) 
l y z z y z x x z x y y x 
M x m = i ( M m - M m ) + T ( M m - M m ) + k(Mm - M m ) 
y z z y z x x z x y y x 
Writing out the equations for the components and rearranging terms for conven-
ience yields a system of equations which can be written as 
a i l m x + a i 2 "V + a i 3 m z = f l 
a 2 l m x + a22my + a23mz = f2 ( 5 3 ) 
a 3 l m x + a32my + a 3 3 m Z
 = f3 
where 
a i l = a22 = a33 = i<J 






a1Q = -a0 1 = y H . + j-j=5-f M 13 31 e y [M I y 
s 
uct 
a32 = "a23 = ye Hx + j m M x s 
L = y M h HK y M h 
1 e z x e y z 
f 0 = y M h - y M h 
2 e z x e x z 
f0 = - V M h + y M h 
3 e y x e x y 
117 







' 1 {hx[reMz(ai3a32 " ai2all> + y e
M y <ai2
a32 + al3ail>] <54) 
h
y [ -
 yeMz ( a l l + a32» " yeMx (al2a32 + a i3a i l>] 
\ [ YeUy (aU + a32> " y e
M x <a13
a32 " a i 2 a i l ) ] } 
= 1 { hx [yeMx <aU + a13> " yeMy ( a l la32 " a13a12>] 
+ hy f" yeMz <ai3a32 + al2ail) + yeMx ( a i ia32 " a i3a i2 )] 
+ \ [ yeMy (ai3a32 + V u » ' yeMx (aU + »?3>] } 
= I {hx [yeMz ("ai2ai3 " alia32> " y e
M y ( aU + *\A 
+ hy [" yeMz (-ai2a32 + a i 3 ail» + V x <ail + ai2>] 
+ hz [yeMy (-al2a32 + a l 3 a l l ) " y e
Mx ('a12a13 " ana32 )J( 
where 
-u - ija) + (y IH.I) + 2 ]ojay H cos 0 
G\ i | e z 
+ 2]cjoty (H sin 9 cos $ + H sin 0 sin <t> + H cos 0)\ J e x y z | 
H = |HT| sin B cos A 
H = |HT| sin B sin A 
y I i' 
H = JH?| cos A 
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"Xll X12 X13 
"h" 
X 
X21 X22 X23 
h 
y 




Substituting for the a. .'s into Equation 54 to evaluate the susceptibilities x.. of 
Equation 55 leads to 
)uaye\Mi s [ ( f y H (cos 0 - Ct sin 0 sin <t> cos <t>) + y H (sin#sin0 
11 {[ e z e y 
x 12 
] r £ 2 2 
+ j o>a(cos 0 + sin <f> sin 0) 
- f y H (y H cos 0 - y ft sin $ sin 0)11 
w e x e y e z JJ 
wyeKsl / 2 
= : { u cos 0 + a sin 0 cos 0 (cjsin 0 + i y H cos 0) 
^ I e z 
(56) 
+ j (ay H cos 0 - y H ) sin 0 cos 0 - - (y H ) (y H cos 0 e x e y CJ e x e x 




* > } 
13 
< - (j sin (9 sin .0 + a»a cos 0 sin $ cos 0 - j y H sin 0 cos <f> [ e z 
21 
+ i a sin 0 cos <P (2 y H sin 0 - y H cos <fi) J e x e y 
+ ̂ s in 0 ye Hx (y e Hx sin <f> - ^ Hy c o s 0 ) | 
WyeFsl i 2 1 
— z \ - (j cos 0 + u a sin 0 sin 0 c o s <t> + - y H (y H cos 0 
£ I ^ ^ ( J e y e y — y H sin $ s in0) + i (sin 0 sindfo (ay H cos 0 - y H e z T / J \ -r/ ^ ' e y e x 
- a y H sin 0 sin 0 )1 e z I 
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]uy |Mg| , 2 
x = ® i y H (cos9 + a sin @ sin <f> cos <f>) + y H sin 0 (cos 0 
£I£I i \ * G Z 6 Z 
2 2 2 1 
- acos0s in0) + jd>a(eos (9+ cos <£sin 0 ) + r , ^H (y H cos 0 ^ ' CJ e y e x 
- y H sin 0 cos 0)) 
e z J 
^ ^ e l ^ s l / 1 
xnn = { a> s in0cos0+o;acos0sin0sin0+-; y H (y H s in0sin0 
23 /l I ^ e y e x 
2 2 
- y H sin 0cos 0) + j Of y H sin 0 sin 0 - j y H sin 0 sin 0 
e y e x e z 
- j a y H siii 0sin0cos0> 
^ e K s l ( 1 
\cjsm6sin<fr+ aK*sih0cos0cos0 + r, Y H (y H cos 0 
^ I «* e z e y 
2 
- y H sin0sin0) + i a y H cos 0 - j y H cos0 
e z e y e x 
- i a y H sin0cos0sin0> e z J 
|MJ . 1 
\-<j s in0cos0 + aJasin0cos0sin0+r, y H ( y H sin 0 cos 0 
a l w e z e z 
X31 





- y H cos 0) - j a Y H cos 0 - j y H cos 0 + j a y H cos 0sin 0cos0> e x e x e y J e z ) 
iuYjMJi 
0 0 = E — " M a y H s in0cos0s in0 + y H sin0sin0 
33 d i e x e y 
- a y H s in0cos0cos0 + Y H s i n 0 c o s 0 - j r . y H (y H s in0sin0 
' e y e x «* e z e x 
+ y H sin0cos0) + j(jasin 0( . 
e y > 
where d = j ^ i - a ; - (u a) + (y |f£[) +j2fc>ay [H s in0cos0 
+ H s in0s in0+H cos0j> 
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From the domain theory of magnetization it is known that unsaturated 
magnetic media are made up of large numbers of "saturated domains. " Thus, 
the individual domain behavior is described by Equation 56. This suggests that 
the result of Equation 56 can be extended so that it applies in unsaturated media 
by performing spatial averages with respect to 0 , 0 , A, and B. If it is assum-
ed that the +z direction is a physically preferred direction for the magnetization 
M and the effective static magnetic field if., all values of <t> and of A between 
s . . • I 
0 and 27T are equally likely. Provided thatljV? land H. have the same value for 
all of the "several domains" over which the averaging process is to be perform-
ed, the following results is obtained when the averaging with respect to 0 and A 
is carried out. 
< x n > 
<t>, A 
< X 1 2 > 
<t>, A 
< X 2 2 > 
. Kl = J w . — + 
<p,A 1 4 
- < X 2 1 > 
iWT. k3 
-\+4 k iRf 
4 5 Ji "3 5
1 
2 M V k 5 
<p, A 
= jw 8 
'4 
+ k. 






1 2 21 2 k _ > J k * - k * 5 ^ 4 5 
< X 3 3 > 
0, A 
= jW' 11 l4 
+ k. 
, 2 21 




. 2 21 2 k 5 > | k 4 - k 5 Ji 
< X 1 3 > A =
 < X 3 1 > 4 " <
X 2 3 > i A
 = < X 3 2 > A
 = ° d>, A 0 , A £, A <£, A 
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where 
k = y l M l i y • H cosO+ jwa(cos 0 + ~sin 0)} 
J. 61 SI' 6 Z Z ' 
k„ = -u - (CJC£)2 + (Y [if l)2 + 2 j ^ « V H cos0 
4 e| il e z 
k = 2]G)0ty (HlsingsinB 
5 e| il 
2 2 
k8 " " l ^ j f ^ + 3 « r e H z ^ - i ^ f t ^ c o s * ^ - } 
k10 = JM5Jsl{- j 0"'el i rilSinecOse 
• /^ez_U. £ ^ • /i sin B I 
M - ^ - A V e V S 1 ^ " T ~ / 
k n = ye|Ms|)J"asin
2<9( 
k-.o = V |M N y IH.I sinflsin B( 12 el s' ' 'eI i| ' 
sin B 
H = I H . C O S B 
If the angles between the H.'s and the z-axis are small, the tensor per-
meability < M > . = n \<^>(f} A
 + l [ becomes Equation 21 of Chapter n. 
The average with respect to 0 can then be performed resulting in a tensor per-
meability < M > * ^ which contains various average quantities. These aver-
age quantities can be related to experimentally measurable parameters. The 
interpretation of the average parameters and their relation to quantities obtain-
able experimentally are given in Chapter n in the pages following Equation 21. 
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APPENDIX B 
A "SMALL LOSS" TECHNIQUE FOR COMPUTING LOSSES 
The attenuation in a ferrite device due to small losses can sometimes be 
computed using a small loss technique (67) (68) which assumes the rf fields in 
the presence of losses to be identical to those in the absence of the losses. The 
attenuation per unit length can be written as 
P 
Of = ——— nepers per unit length 
AIT 
t 
where P = Power transferred in the absence of loss 
P = Power lost assuming fields are unchanged by the addition of loss 
Li 
The calculations required for evaluating a are indicated below. 
Power Transferred 
P = Power transferred in the direction of propagation in the absence of 
losses 





a = nepers per unit length 
w 2P t 
P = Power dissipated per unit length due to resistive losses in the wave-
guide walls assuming the currents flowing in the walls to be the 
same as those which would flow if the walls were perfect conductors 
£ walls I ^ 
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where K = surface current = h x h 
walls 
~n = inward normal to wall 
R = surface resistivity 
Based on a comparison of theoretical and experimental results, this appears to 
be a satisfactory method for computing waveguide conductor losses and has been 
used for that purpose in this thesis.. 
Dielectric Losses 
Pd a = —— nepers per unit length 
t 
P , = Power dissipated per unit length due to dielectric losses assuming 
the fields in the dielectric to be the same as those in the absence of 
losses 
JJCroi 
o E* da 
ross Section 
of Dielectric 
where o = (J €ft 6 
o 
£" = imaginary part of the dielectric constant 
A comparison of results obtained using this procedure with results of the "exact" 
method and with experimental data indicate that the small loss technique is un-
satisfactory for quantitative prediction of dielectric losses in ferrite phase 
shifters. 
"Bulk" Magnetic Losses 
P 
ot = —— nepers per unit length 
P = Power dissipated per unit length due to magnetic losses assuming 
the fields in the ferrite to be the same as those in the absence of 
losses 
tan <$ 
=1 — - (h-lb*) da 2 Cross Section of Ferrite 
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where tan 6 = bulk magnetic loss tangent m 
A comparison of results obtained using this procedure with results of the "exact" 
method (using the tensor permeability) and with experimental data indicate that 
the representation of magnetic losses in remanent phase shifters as small bulk 
losses is unsatisfactory. 
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APPENDIX C 
TRANSVERSE OPERATOR PARAMETERS 
Consider a TE mode waveguide structure such as that shown in Figure 
57. The ferrite slab is of width 6 and is assumed to be infinitely long in the y 
direction. The preferred direction for the effective internal static magnetic 
field H. and the saturation magnetization M is assumed to be in the +z direc-
tion. The intrinsic permeability tensor then has the general form 
<">avg " " 0 
^ ' avg J ^ ' avg 
j < * > a v g < /<> a v g 0 
<MZ> avg 
(58) 
where <M> =</if > -j<|i" > 
'avg ^avg J ^ avg 
<K> = <*'> -]<K<"> 
avg avg avg 
z avg z avg J z avg 
and<^»> ,</*"> , < K ! > <K"> , < ^ ! > , a n d < # " > are given avg ^ avg avg, avg z avg z avg 
by Equation 24 of Chapter n. 
Assume a general form for the electric field inside the ferrite, say 
E •I 
ik x -jk x" 
Be m +Ce m e-^j"1 (59) 
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where 
2 2 w Vogf 
k = y + ~— = square of the wave number in the ferr i te 
m H 




y = propagation constant 
Using Equation 30 (Chapter 3), the magnetic field intensity in the y direction is 
found to be 
h = . , , „ H j k +-Z ) B e 
i k x „ - i k x 
m / ., y \ _ J m e e (60) 
where 
^ = avK. 
avg 
Using Equations 59 and 60, the fields at point one (x = x ) and at point two 
(x = x + 6) can be writ ten as 
;l = [Be 
i k x , - l k x , 
„ , _ m 1 „ m l 







r j k (x +6) - j k (x +<$)] 
I Be m * + Ce m 2 J e'yye}Ut (62) 
h = ̂ -\(]k + | )Be
J V l
 + ( - j k + | ) c e '
J V l " 
yl . j-w^ \} m & ' \ m 61 
-yy ]cjt 
e A 0 V (63) 
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y2 -rfirK-fl-"^** (64) 
hkm
+%)Ce 
-j k (x. 
J m 1 yy Jut 
Referring to Figure 57, the electric field in the z-direction and the magnetic 
field in the y-direction at point one can be related to the corresponding fields at 







Expanding Equation 65 yields the following two equations. 
(65) 
E = AE + Bh _ zl z2 y2 (66) 
h , = CE + D h 0 yl z2 y2 (67) 
Substituting Equations 61 through (54 into Equations 66 and 67 allows the pa-
rameters A B C D to be evaluated. These parameters for a ferrite region are 
given in Equation 44 of Chapter EL If the internal effective static magnetic 
field and the magnetization reverse in direction, the only change necessary in 
Equation 44 is to reverse the sign of 0. 
For a dielectric region P—*1 and $—• * , so that the parameters for a 
dielectric region can be written in the form given in Equation 45 of Chapter III. 
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X1 Xt +5 
x3 
Figure 57. A Ferrite Loaded Rectangular Waveguide 
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APPENDIX D 
SUPPLEMENTARY COMPARISONS OF THEORETICAL 
AND EXPERIMENTAL RESULTS 
A number of curves are presented in this appendix which further illus-
trate the accuracy of the procedures developed for the prediction of perfor-
mance characteristics of practical phase shifters. The experimental structure 
was a single dielectric loaded internal toroid latching phase shifter. All theore-
tical data were computed using appropriate effective values of dielectric con-
stant and loss tangent as discussed in Chapter V. 
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